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Increased emissions of diesel particulate matter (DPM) have been of 
concern worldwide because of its adverse impact on the environment and 
human health. Diesel fuel reformulations including the use of oxygenated 
fuels as blending agents and the use of fuel additives are currently explored to 
reduce DPM mass emissions. It is known that apart from DPM mass, other 
physical characteristics of DPM and also its chemical composition determine 
its potential influence on the environment and human health. However, 
systematic studies conducted to make a comprehensive evaluation of 
fundamental changes in the physicochemical characteristics of particulate 
emissions resulting from the application of these fuel reformulation 
technologies in diesel engines are sparse. In addition, there is a strong need to 
relate these physico-chemical changes of DPM to the toxicity of particulates in 
an integrated manner. 
This doctoral study attempts to fill these knowledge gaps by carrying 
out combustion experiments on a non-road diesel engine working at different 
engine loads. Specifically, seven oxygenated fuels with different chemical 
structures and thermo-physical properties as well as two kinds of metal-based 
fuel-borne catalysts (FBCs) additives were added to ultra-low sulfur diesel 
(ULSD) fuel to investigate their effect on physicochemical properties of 
particulate emissions. The major research outcomes are briefly summarized 
below. 
 A study was conducted to characterize and compare the effects of 
blending n-butanol and n-pentanol with either ULSD or waste cooking oil-
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based biodiesel (WCOB) at 10% and 20% by volume on engine performance 
and on carbonaceous particulate composition and particle size distributions 
from the diesel engine. The blended fuels show a marginal change in engine 
performance, an effective reduction in the particulate mass and elemental 
carbon (EC) emissions, with butanol being more effective than pentanol. 
However, the proportion of particulate-bound organic carbon (OC) and water-
soluble organic carbon (WSOC) increases by the both blended fuels, 
especially for 20% butanol in blends. The total number emissions of volatile 
and solid particles are reduced significantly for both kinds of blended fuels at 
medium and high engine loads, whereas the counts of particles with diameter 
less than 15 nm are found to increase for both blended fuels at low engine load. 
The goal of the second study is to blend five oxygenates with ULSD at 
2% and 4% oxygen levels to examine how the oxygen content in the blends, 
the specific types of oxygenates, and the engine operation parameters affect 
carbonaceous particulate composition and particle number and size 
distributions. DPM emitted from 50% engine load was then chosen to further 
examine the effects of these blended fuels on more broad physicochemical 
characteristics and toxicological characteristics of DPM emissions, and to 
study the relationship between chemical composition of DPM and their impact 
on the toxicity of particulates. The results indicate that DPM properties and 
their toxicity may be affected not only by the oxygen content, but also by the 
chemical structure and thermo-physical properties of oxygenates as well as 
engine operating conditions. 
A third study was conducted to study the influence of cerium-based 
and iron-based FBCs on diesel engine particulate emission characterizes. The 
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results indicate that FBCs-doped fuels could effectively reduce the particulate 
mass and EC emissions, while increasing the proportion of both OC and 
WSOC in particles, as well as the emission factors of particle-phase polycyclic 
aromatic hydrocarbons (PAHs) and n-alkanes. The FBCs-doped fuels also 
result in lower soot ignition temperature and activation energy. However, the 
total number emissions of particles from FBCs-doped fuels dramatically 
increase due to the formation of Fe-rich and Ce-rich nuclei mode particles. 
Compared to pure ULSD, the particles emitted from FBCs-doped fuels lead a 
slight decline in cell viability. This may result from the emissions of Ce and 
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Chapter 1  Introduction 
1.1  Background and Motivation 
Diesel engines have been widely used in both mobile and stationary 
applications due to their reliability, durability and high fuel efficiency. 
However, high emissions of diesel particulate matter (DPM) represent a major 
contributor to urban carbonaceous aerosols, which have an adverse impact on 
local air quality and affect global climate change and also human health (Bond 
et al., 2013; Chameides and Bergin, 2002; Sydbom et al., 2001; Wichmann, 
2007).  As a result, particulate matter (PM) emissions from diesel engines 
have been under continuous scrutiny by various environmental protection 
agencies, and this is evident in the stringent regulations enforced year after 
year. These regulations that are targeted at reducing the environmental and 
health impacts of DPM have been mostly “PM mass” based.  A number of 
studies have indicated that a reduction in DPM mass has in turn reflected an 
increase in number concentrations of DPM, which are considered harmful to 
human health (Di et al., 2009, 2010; Kasper et al., 1999; Miller et al., 2007; 
Nash et al., 2013; Zhu et al., 2010b). In addition, the detailed chemical 
composition of DPM, generated under various operating conditions of diesel 
engines with fuel reformulations, remains largely unknown. 
Determination of the physical characteristics and chemical constituents 
of DPM is essential for understanding the mechanism of its toxicity and its 
role in atmospheric chemistry, visibility reduction and climate change. DPM is 
composed of a central core of elemental carbon (EC) with adsorbed organic 
compounds, as well as small amounts of sulfate, nitrate, metals, and other 
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trace elements as illustrated in the pie chart (Figure 1.1). The refractory EC 
suspended in the atmosphere can effectively absorb solar radiation, thus 
affecting the energy redistribution and global climate (Bond et al., 2013; 
Chameides and Bergin, 2002), while many of the organic compounds present 
on the particles are individually known to have mutagenic and carcinogenic  
 
Figure 1.1 Typical chemical composition of PM2.5 (USEPA, 2002) 
properties (USEPA, 2002; Wichmann, 2007). In terms of physical 
characteristics, DPM consists of fine particles (PM2.5, particles with 
aerodynamic diameter less than 2.5 μm) including a higher number of 
nanoparticles (NPs) and ultrafine particles (UFPs) with their aerodynamic 
diameter≤50 nm and 100 nm, respectively. After these particles are released 
from diesel engines, they undergo dispersion and diffusion in the ambient air, 
and adsorb more hazardous substances because of high surface to volume ratio. 
Previous studies have shown that these ultrafine and nano-sized particles can 
penetrate the cell membranes, enter into the blood and even reach the brain 
(e.g. Oberdörster et al., 2004). Many toxicological and epidemiological studies 
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indicated that exposure to these small airborne particles can pose a cancer risk 
as well as other short and long term health problems (US EPA, 2002; 
Wichmann, 2007). 
Therefore, efforts have been made in recent years by the European 
Union (EU) to tighten DPM emission standards and to reduce both DPM mass 
and number concentrations from diesel engines. Tables 1.1 and 1.2 show EU 
DPM emission limits for on-road light duty and heavy duty vehicles, 
respectively. These limits are defined in terms of mass per unit distance (g/km, 
light-duty vehicles) or mass per unit power per unit time (g/kW h, heavy-duty 
engines) over a defined test cycle. DPM emission limits for non-road diesel 
engines are shown in Table 1.3. Non-road diesel engines are widely used, and 
emit a substantial fraction of DPM on a global level because they have limited 
emission control measures. For example, the U.S. Environmental Protection 
Agency (EPA) estimates that non-road diesel engines contribute to about 44% 
of the DPM emissions nationwide (USEPA, 2004).  As the lifetime of these 
engines is longer than that of on-road diesel engines, a reduction in the DPM 
emissions takes more time to become effective. The relative contribution of 
these engines to the total particle emissions will therefore be likely to increase 
in the future. 
As regulations further tighten up the allowable tailpipe emission levels, 
optimization of diesel engine combustion processes and application of after-
treatment technologies are critically needed for reduction in DPM emissions 
and thus mitigation of their influence on the atmospheric environment and 
human health (Merritt et al., 2006).  However, these approaches are mostly 
explored for new on-road engines, but not for in-use and non-road engines.  
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 N1, Class I,  
≤ 1305 kg 
N1, Class II 
1305-1760 kg 
N1, Class III 




















Euro 1 0.14  0.19  0.25    
Euro 2 IDI 
b 
0.08  0.12  0.17    
Euro 2 DI 
c 
0.10  0.14  0.20    
Euro 3 0.05  0.07  0.10    
Euro 4 0.025  0.04  0.06    
Euro 5a 0.005  0.005  0.005    
Euro 5b 0.005 6 × 10
11 
0.005 6 × 10
11 




Euro 6 0.005 6 × 10
11
 0.005 6 × 10
11
 0.005 6 × 10
11






 IDI: Indirect 
Injection;  
c 
DI: Direct Injection; PN: Particle Number 
Table 1.2 EU DPM emission standards for on-road heavy duty diesel 
engines 
a
    










Euro I 1992, ≤ 85 kw 0.612    
1992, > 85 kw 0.36    
Euro II 1996.10 0.25    
1998.10 0.15    
Euro III 1999.10 EEV 
only 
0.02  0.02  
2000.10 0.10  0.16  
Euro IV 2005.10 0.02  0.03  
Euro V 2008.10 0.02  0.03  
Euro VI 2013.01 0.01 8 × 10
11
 0.01 6 × 10
11
 
         a
 Source: http://www.dieselnet.com/standards/eu/hd.php 
Diesel fuel reformulations including the use of oxygenated fuels as blending 
agents and /or the use of fuel additives have been widely investigated in both 
new and in-use, and on-road and non-road diesel engines for reducing DPM 
emissions (Buchholz 2004; Cheng, 2002; Cheng et al., 2002; Choi and Reitz, 
1999; Kannan et al., 2011; Kasper et al., 1999; Ma et al., 2014; Miyamoto et 
al., 1998; Mueller et al., 2003; Nash et al., 2013; Pepiot-Desjardins et al., 2008; 
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Ren et al., 2008; Wang et al., 2009; Wang et al., 2012; Westbrook et al., 2006; 
Xu et al., 2013). 
Table 1.3 EU DPM emission standards for non-road diesel engines 
a
 
Stage I Net power (kW) Date  PM (g/kWh) 
A 130 ≤ P ≤560 1999.01 0.54 
B 75 ≤ P < 130 1999.01 0.70 
C 37 ≤ P < 75 1999.04 0.85 
Stage II    
E 130 ≤ P ≤560 2002.01 0.2 
F 75 ≤ P < 130 2003.01 0.3 
G 37 ≤ P < 75 2004.01 0.4 
D 18 ≤ P < 37 2001.01 0.8 
                 a
 Source: http://www.dieselnet.com/standards/eu/nonroad.php 
Among the proposed oxygenated fuels, alcohols and biodiesel have 
emerged as two of the potential renewable fuels to partially or totally replace 
petroleum-based fuels in compression ignition (CI) engines for reducing diesel 
fuel consumption as well as toxic emissions (Agarwal, 2007; Rakopoulos et al., 
2006; Zhu et al., 2010a, 2010b). Long-chain alcohols such as butanol and 
pentanol have recently drawn considerable research attention as alternative 
fuels for diesel engines due to their advantages compared to short-chain 
methanol and ethanol (Campos-Fernández et al., 2012, 2013; Chen et al., 2013; 
Choi et al., 2015; Doğan, 2011; Jin et al., 2011; Karabektas and Hosoz, 2009; 
Li et al., 2015; Rakopoulos et al., 2010, 2011; Sukjit et al., 2013; Wei et al., 
2014). For example, Campos-Fernández et al. (2012, 2013) suggested that the 
increase of the chain length and the absence of branches in an alcohol provide 
higher lower heating value (LHV), higher energy density and cetane number, 
and better miscibility with diesel, while keeping lower self-ignition 
temperature (ST), vaporization latent heat (VLH) and knock tendency. As a 
result of these desired properties, long-chain alcohols can be blended with 
6 
 
diesel fuel in a higher fraction. An additional attractive advantage of butanol 
and pentanol is that they could be produced from renewable raw materials 
through green biorefinery processes (Campos-Fernández et al., 2012; Wei et 
al., 2014). Furthermore, the production of long-chain alcohols by using these 
biological processes can consume substantially less energy than that of short-
chain alcohols since the breakdown of large macromolecules can stop earlier 
(Campos-Fernández et al., 2012). 
Extensive research has recently been carried out on the use of various 
butanol-diesel blends in diesel engines to improve our understanding of the 
beneficial effects of these blends on smoke and DPM emissions  (Chen et al., 
2013; Choi et al., 2015; Doğan, 2011; Rakopoulos et al., 2010, 2011; Yao et 
al., 2010). Compared to butanol, pentanol is a 5-carbon structure alcohol, 
which could be a better additive to diesel fuel as its fuel properties are closer 
to those of petroleum diesel fuel (Wei et al., 2014). However, a few studies 
have been conducted by using pentanol-diesel blends or neat pentanol in diesel 
engines (Campos-Fernández et al., 2012, 2013; Li et al., 2015; Wei et al., 
2014).  Although the use of long-chain alcohols blended with diesel fuel 
provides additional advantages compared to short-chain ones, and  shows 
reduction in soot and PM emissions, the effects of these blends on the physico-
chemical characteristics of particles, including their carbonaceous composition 
and particle number (PN) size distributions are still poorly understood. 
Moreover, no systematic study has been conducted to make a comparative 
evaluation of fundamental changes in the particulate emissions resulting from 
the combustion of diesel blended with both butanol and pentanol in the same 
engine, to the best of our knowledge. 
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Biodiesel is renewable, nontoxic and readily biodegradable, has no 
aromatic compounds, and possesses a high cetane number, high flash point 
and also excellent lubricity performance (Anand et al, 2011; Di et al., 2009; 
Rakopoulos et al., 2006; Yoshimoto et al., 2013; Zhu et al., 2010a, 2010b). It 
has been widely reported that a substantial reduction in hydrocarbon (HC), 
carbon monoxide (CO) and DPM emissions can be achieved through the 
application of biodiesel from various feedstocks in diesel engines (Agarwal, 
2007; Rakopoulos et al., 2006; Zhu et al., 2010b). Despite its many advantages, 
the direct application of pure biodiesel or the use of higher percentage of 
biodiesel in diesel blends may cause a poor atomization and incomplete 
combustion, carbon deposits or clogging of fuel lines, as well as thickening 
and gelling of the engine lubricating oil due to its poor volatility and high 
viscosity (Laza and Bereczky, 2011; Yilmaz and Sanchez, 2012; Yilmaz et al., 
2014). These major drawbacks of biodiesel limit its proportion in diesel blends, 
typically about 20% (Yilmaz et al., 2014). 
Blending of biodiesel with both short-chain and long-chain alcohols 
has been considered as an option to simultaneously overcome the 
disadvantages of biodiesel and alcohols and therefore to extend their 
application in diesel engines (Anand et al, 2011; Kumar et al., 2013; Laza and 
Bereczky, 2011; Rakopoulos, 2013; Tosun et al., 2014; Yilmaz and Sanchez, 
2012; Yilmaz et al., 2014; Zhu et al., 2010a).  For example, biodiesel and 
alcohols are miscible to some extent without any need for an emulsifier or a 
co-solvent. In the blends, the lower viscosity and higher volatility of alcohols 
compensates for these opposite properties in biodiesel.  Likewise, the lower 
cetane number of alcohols could be improved with the simultaneous use of the 
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higher cetane value of biodiesel. Meanwhile, with the increased amount of 
oxygen content in the blended fuels, complete fuel combustion can be 
achieved. Extensive research has recently been carried out on the use of 
various methanol-biodiesel and ethanol-biodiesel blends in diesel engines 
(Anand et al, 2011; Yilmaz and Sanchez, 2012; Zhu et al., 2010a). From those 
previous studies, it has become clear that methanol and/or ethanol blended 
with biodiesel decreases nitrogen oxides (NOx) and DPM emissions while 
there are mixed results in terms of CO and HC emissions depending on the 
relative proportion of methanol or ethanol used as well as the engine operating 
conditions. Recently, Kumar et al. (2013), Rakopoulos (2013) and Yilmaz et 
al. (2014) explored the effects of butanol-biodiesel blends on diesel engine 
performance and exhaust emissions, respectively. These studies reveal the 
beneficial effects of using various blends of butanol with biodiesel on CO, 
smoke and DPM emissions at various engine loads. However, there has been 
no systematic investigation on the quality of engine emissions when being 
fueled with pentanol-biodiesel blends, to the best of our knowledge. 
Meanwhile, the effect of blending biodiesel with both butanol and pentanol on 
the physical and chemical characteristics of diesel particulate emissions 
remains unknown. This knowledge is needed in order to improve our 
understanding of the environmental and health benefits associated with the use 
of biodiesel and long-chain alcohols blends. 
Besides biodiesel and alcohols, numerous oxygenated compounds in 
the form of alcohols, ethers, and esters have been investigated as additives to 
conventional diesel fuel in the context of reducing soot and DPM emissions 
(Buchholz 2004; Cheng, 2002; Cheng et al., 2002; Choi and Reitz, 1999; 
9 
 
Miyamoto et al., 1998; Mueller et al., 2003; Pepiot-Desjardins et al., 2008; 
Ren et al., 2008; Wang et al., 2009; Wang et al., 2012; Westbrook et al., 2006; 
Xu et al., 2013). There is a general consensus that the fuel oxygen content of 
these oxygenates has a significant influence on soot formation and DPM 
emissions. However, there are conflicting reports on the relative impacts of 
different oxygenated functional groups (Buchholz 2004; Cheng et al., 2002; 
Choi and Reitz, 1999; Miyamoto et al., 1998; Mueller et al., 2003; Pepiot-
Desjardins et al., 2008; Wang et al., 2012; Westbrook et al., 2006). For 
example, Cheng et al. (2002), Choi and Reitz (1999) and Miyamoto et al. 
(1998) concluded that reduction in soot or particulate mass was mainly 
dependent on the percentage of oxygen in the blended fuel while other 
researchers reported that apart from the oxygen content, the chemical structure 
of oxygenates also influenced the amount of DPM emissions (Buchholz 2004; 
Mueller et al., 2003; Pepiot-Desjardins et al., 2008; Wang et al., 2012; 
Westbrook et al., 2006). Moreover, different kinds of oxygenates have 
different thermo-physical properties, which tend to affect not only the fuel 
injection and combustion processes but also the DPM emissions (Salvi et al., 
2012; Stoner and Litzinger, 1999). In addition, even with the same oxygen 
content, the extent of soot and DPM emission reduction with oxygenated fuel 
blends may also be dependent on the engine type and operating conditions 
(Cheng, 2002; Choi and Reitz, 1999; Salvi et al., 2012). 
Apart from reduction in particulate mass emissions, the use of 
oxygenated fuel blends may lead to significant changes in the physical and 
chemical characteristics of DPM emissions, which determine their potential 
influence on the environment and human health. For example, previous studies 
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have indicated that the particulate composition and size distribution 
characteristics are highly dependent on the type of fuels combusted 
(Ballesteros et al., 2010; Cheung et al., 2009; Salvi et al., 2012; Surawski et al., 
2011a, 2011b; Wang et al., 2009; Wang et al., 2012; Xu et al., 2013; Zhu et al., 
2010b). Also, some recent reviews showed that fuel properties could affect the 
primary particle size, nanostructure, and volatility of particulates, which are 
highly associated with the soot oxidation in diesel particle filters (DPFs) as 
well as the DPF regeneration performance (Lapuerta et al., 2012; Song et al., 
2006a; Xu et al., 2013; Yehliu et al., 2012). In view of these concerns, there is 
a strong need to conduct a systematic investigation of these fundamental 
changes in the DPM characteristics, when the petroleum diesel blended with 
oxygenates is used in diesel engines, and to relate these characteristics to the 
toxicological study outcomes. However, very few investigations have been 
done to date on determining the physical and chemical properties of particles 
emitted from an engine fueled with different kinds of oxygenated fuel blends 
(Xu et al., 2013). Most of the previous studies on detailed DPM characteristics 
of alternative fuels blended with diesel were restricted to different types of 
biodiesel (Bagley et al., 1998; Cheung et al., 2009; Lackey and Paulson, 2012; 
Lin et al., 2006; Magara-Gomez et al., 2012; Salamanca et al., 2012; Song et 
al., 2006a; Song et al., 2011; Surawski et al., 2011a, 2011b; Tsai et al., 2010, 
2011, 2012). Moreover, the addition of different oxygenates with the same 
oxygen content to diesel fuel can result in differences in both the chemical and 
physical properties of the blended fuels because of the difference in the type of 
functional groups in them. The different physicochemical properties of 
blended fuels could in turn affect the fuel injection and combustion process, 
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and thus probably lead to major differences in DPM properties and their 
toxicity (Salvi et al., 2012). However, no systematic study has been conducted 
to make a comparative evaluation of fundamental changes in the 
physicochemical characteristics of particulate emissions resulting from the 
combustion of diesel blended with several oxygenates with different thermo-
physical properties and to relate these changes to the toxicity of particulates in 
an integrated manner, to the best of our knowledge. 
Another solution under consideration is to add fuel-borne catalysts 
(FBCs) in the form of metal organic compounds, or nanoparticles to diesel 
fuels or biodiesel to suppress particle formation and promote in-cylinder soot 
oxidation (Kannan et al., 2011; Kasper et al., 1999; Ma et al., 2013, 2014; 
Song et al., 2006b). Today, FBCs including Fe, Ce and Pt are commercially 
available, which have been used internationally in both on-road and non-road 
applications, although in the U.S., current regulations restrict their on-road use 
(Jung et al., 2005; Kanana et al., 2010; Lee et al., 2006; Ma et al., 2013, 2014; 
Miller et al., 2007; Nash et al., 2013; Okuda et al., 2009; Rocher et al., 2011; 
Skillas et al., 2000; Song et al., 2006b; Stratakis and Stamatelos, 2003; Zhang 
J et al., 2013; Zhu et al., 2012). For example, in Europe, these additives have 
been developed in combination with DPFs to ensure fast and complete 
regeneration, and to provide solutions that comply with current Euro 5 and 
Euro 6 requirements that take into account both regulated emissions and 
optimization of carbon dioxide (CO2) emissions (Rocher et al., 2011). They 
can also be used without DPFs in retrofit systems for non-road equipment and 
commercial vehicles to reduce soot and DPM emissions (Kannan et al., 2011; 
Ma et al., 2013, 2014; Nash et al., 2013; Zhang J et al., 2013;  Zhu et al., 
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2012). Among these afore-mentioned FBCs, the soot-suppressing properties of 
dicyclopentadiene iron (ferrocene, Fe(C5H5)2) and cerium oxide (CeO2) are 
well-known from studies on different combustion systems (Kasper et al., 
1999).  Recent studies suggested that iron-based and cerium-based FBCs 
doped in diesel fuel and in biodiesel promote complete and more efficient 
combustion in the diesel engines, resulting in increased power, improved fuel 
economy and substantially reduced exhaust emissions containing as soot, CO 
and HC (Kannan et al., 2011; Ma et al., 2013; Zhang J et al., 2013; Zhu et al., 
2012). The use of ferrocene and cerium oxide in diesel fuels may not only 
reduce DPM emissions, but also alter the physical characteristics and chemical 
composition of particulates including emissions of metallic nanoparticles (Ma 
et al., 2014; Miller et al., 2007; Okuda et al., 2009; Rocher et al., 2011; Skillas 
et al., 2000; Song et al., 2006b), which might lead to changes in the overall 
toxicity of DPM. Hence, there is a strong need to make a comprehensive 
evaluation of fundamental changes in the physico-chemical characteristics of 
particulate emissions resulting from the use of ferrocene and cerium oxide 
diesel engines and relate these changes to the toxicity of particulates in an 
integrated manner. In addition, it is still not clear how Fe-doped and Ce-doped 
fuels affect particle toxicity and which chemical constituents of DPM are 
mainly responsible for its health effects. 
1.2  Aims and Objectives 
DPM emissions vary significantly in physical characteristics and 
chemical composition between different engine types, engine operating 
conditions, and fuel formulations. Also, there are emission differences 
between on-road and non-road engines simply because the non-road diesel 
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engines to date are generally of older technology. The mass of particles 
emitted from both on-road and non-road diesel engines has been reduced by 
the application of fuel formulations. Besides the reduction in DPM emission 
level, fuel reformulation technologies can also affect the physical and 
chemical properties of DPM. This in turn introduces new analytical demands 
that must address not only the issue of sensitivity, but also of specificity to 
characterize the changes in the DPM emissions, and provide critical insight 
into the fuel reformulation technologies and their environmental and health 
impacts. 
The principal aim of this doctoral thesis is to make a systematic 
evaluation of fundamental changes in the physicochemical characteristics of 
particulate emissions resulting from the application of fuel reformulation 
technologies on a non-road diesel engine and to relate these changes to the 
toxicity of particulates in an integrated manner. A conceptual framework of 
this thesis work is provided in Figure 1.2 for easy reference. 
 
Figure 1.2 A conceptual framework of this PhD thesis 
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A flowchart showing the major research outputs arising from this 
thesis (Figure 1.3) indicates the outcomes of the research program in relation 
to the conceptual framework discussed above. A brief discussion of the 
research outputs and how they form a unified research program is provided 
below. This study investigated the two kinds of fuel reformulation 
technologies on physical, chemical and toxicological characteristics of diesel 
engine particulate emissions, respectively. The results of oxygenated fuel 
 
Figure 1.3 A diagram outlining the structure of this PhD research 
program 
blends have been shown in Chapters 4 & 5, respectively. Additionally, the 
results regarding the effects of FBCs on diesel engine particulate emissions 
have been shown in Chapter 6. The oxygenated fuels can be divided into three 
groups based on their chemical structures, namely alcohols, ethers and esters. 
Among these oxygenated fuels, long-chain alcohols (butanol and pentanol) 
have recently drawn considerable research attention as alternative fuels for 
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diesel engines due to their advantages compared to short-chain methanol and 
ethanol. So, the effects of blending long-chain alcohols with diesel fuel and 
with biodiesel on particulate emission characteristic were firstly investigated, 
with the results shown in Chapter 4. The addition of different oxygenates with 
the same oxygen content to diesel fuel can result in differences in both the 
chemical and physical properties of the blended fuels because of the difference 
in the type of functional groups in them. The different physicochemical 
properties of blended fuels could in turn affect the fuel injection and 
combustion process, and thus probably lead to major differences in DPM 
properties and their toxicity. Therefore, five typical oxygenated fuels which 
represent different chemical groups, namely ester, ethers and alcohols were 
chosen to deeply investigate the influence of oxygen content in the blends, the 
specific types of oxygenates, the fuel properties, and the engine operation 
parameters on the nature of diesel engine particles, including their physical 
properties, chemical composition and toxicological characteristics. The 
findings and the conclusions are given in Chapter 5. We selected a non-road 
diesel engine for this study as such engines are widely used and emit a 
substantial fraction of DPM on a global level because they have limited 
emission control measures. For example, the USEPA estimates that non-road 
diesel engines contribute to about 44% of the DPM emissions nationwide 
(USEPA, 2004). Similar diesel engines have been used for investigating the 
DPM emission characteristics from different kinds of fuels (Doğan, 2011; 
Karabektas and Hosoz, 2009; Kumar et al., 2013; Lackey and paulson, 2012; 
Liu et al., 2005; Magara-Gomez et al., 2012; Rakopoulos, 2006, 2010, 2013; 
Sukjit et al., 2013), and for evaluating the influence of metal-based FBCs on 
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engine exhaust emissions (Kannan et al., 2011; Keskin et al., 2011; Ma et al., 
2013, 2014; Nash et al., 2013; Zhang J et al., 2013; Zhu et al., 2012). The 
outcome of this investigation related the changes in the physicochemical 
characteristics of PM to the toxicity of particulates in an integrated manner 
(Experimental study 2). Finally, the effects of Fe-based and Ce-based FBCs on 
the particle mass and number emissions, particle volatility, soot nanostructure 
and oxidation kinetics, particulate chemical composition, and particle toxicity 
were examined (Experimental study 3). 
1.3  Outline of Thesis 
This thesis consists of seven chapters. A brief introduction is presented 
in Chapter 1. Chapter 2 provides a comprehensive literature review of the 
DPM composition and formation mechanisms, environmental and health 
impacts of DPM, and the DPM reduction strategies. Chapter 3 describes the 
characteristics of diesel engine and various instruments employed in this work, 
the properties of various oxygenated fuels and FBCs used, the experimental 
procedures, analytical methods, and materials used in the entire project. 
Chapter 4 reports the influences of blending long-chain alcohols (butanol and 
pentanol) with either ULSD or biodiesel on engine performance, particulate 
mass, carbonaceous composition in particulates, and particle number and size 
distributions. Chapter 5 presents the detailed experimental investigations on 
the effects of blending five kinds of oxygenates with diesel fuel on diesel 
engine particulate emissions. The impact of the oxygen content in the blends, 
the specific types of oxygenates, and the engine load on the fundamental 
changes in the physicochemical characteristics of particulate emissions was 
carefully evaluated, and the relationship between these changes and the 
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toxicity of particulates was studied. Chapter 6 discusses the effects of Fe-
based and Ce-based FBCs on the particle mass and number emissions, particle 
volatility, soot nanostructure and oxidation kinetics, particulate chemical 
composition, and particle toxicity. In Chapter 7, the major findings, and 
environmental and health implications of this research are summarized, and 











Chapter 2  Literature Review 
2.1 Introduction  
This chapter provides background information relating to the physical 
and chemical nature of DPM, followed by discussion of the formation 
mechanisms of primary DPM. Subsequently, past studies related to major 
environmental and health impacts of DPM and practical approaches to 
mitigate such impacts by reduction in DPM emissions are reviewed. Finally, 
the based on the review of past investigations, as mentioned above, specific 
knowledge gaps that the current doctoral study attempted to fill are pointed out. 
2.2  DPM Composition and Formation 
2.2.1  Physical and Chemical Composition of DPM  
The composition and structure of typical engine exhaust particles is 
illustrated schematically in Figure 2.1. DPM is an aggregate of primary 
spherical particles that consist of solid carbonaceous material and ash and 
contain adsorbed organic and sulfur compounds (sulfate) combined with other 
condensed materials (USEPA, 2002).  A solid carbon is formed during 
combustion of diesel in locally rich regions and much of it is subsequently 
oxidized.  The residue is exhausted in the form of solid agglomerates. The 
organic material includes unburned fuel, engine lubricating oil, and low levels 
of partially combusted and pyrolysis products. This fraction of the DPM is 
frequently quantified as the soluble organic fraction (SOF). A major 
proportion of SOF in DPM comprises high-molecular-weight semi-volatile 
organic compounds which cannot be resolved by the conventional gas 
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chromatography. This portion of SOF is composed predominantly of branched 
and cyclic hydrocarbons. The resolvable portion of 
 
Figure 2.1 Typical composition and structure of engine exhaust particles 
(Kittelson, 1998) 
SOF contains alkanes, polycyclic aromatic hydrocarbons (PAHs), organic 
acids, and can also include some hetero-atoms such as oxygen, nitrogen, and 
sulfur in their molecular structures. The SOF varies with engine design and 
operating conditions, ranging from less than 10% to more than 90% by mass 
(Liang, 2006). Because of the toxicological significance of the organic 
components associated with DPM, it is important to understand, to the extent 
possible, the historical changes in the composition of SOF and potential 
changes in the fraction of SOF associated with DPM. The formation of sulfate 
in DPM depends primarily on fuel sulfur content. During combustion, most of 
the sulfur in the fuel is oxidized to SO2, but a small fraction is oxidized to SO3 
that leads to sulfuric acid and sulfates in the exhaust particles. Since the 
reduction of the allowable sulfur content in diesel fuel in 1993, sulfate 
emissions have declined from roughly 10% of the DPM mass to around 1%. 
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DPM emissions from numerous vehicles tested using low-sulfur fuel were 
found to have a sulfate content of only about 1% (USEPA, 2002). Metal 
compounds in particulates originate mainly from engine components wear. In 
addition, they are also emitted as ash from compounds in the fuel and engine 
lubricating oil. 
DPM consists of fine particles (PM2.5), including a high number of 
nanoparticles and ultrafine particles with their aerodynamic diameter≤50 nm 
and 100 nm, respectively (Figure 2.2). Collectively, these particles have a 
large surface area which makes them an excellent medium for adsorbing 
organics. Also, their small size makes them highly respirable with potential 
deposition in the deep lung. A number of potentially toxicologically relevant  
 
Figure 2.2 Typical engine exhaust particle size distributions by mass, 
number and surface are shown with alveolar deposition (adapted from 
Kittelson et al., 2004) 
organic compounds are usually found in DPM. Many of the organic 
compounds present on the particles are individually known to have mutagenic 
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and carcinogenic properties. For example, PAHs, nitro-PAHs, and oxidized 
PAH derivatives are present on the diesel particles. 
Diesel particulates vary significantly in their chemical composition and 
particle sizes between different engine types, engine operating conditions, and 
fuel formulations (USEPA, 2002). Also, there are emission differences 
between on-road and non-road engines simply because the non-road engines to 
date are generally of older technology. The mass of particles emitted and the 
organic components on the particles from on-road diesel engines have been 
reduced over the years. Available data for on-road engines indicate that 
toxicologically relevant organic components of DPM (e.g., PAHs, nitro-PAHs) 
emitted from older vehicle engines are still present in emissions from newer 
engines, though their relative amounts have decreased. There is currently 
insufficient information to characterize the changes in the composition of 
DPM from non-road diesel engines over time (US EPA, 2002). 
2.2.2  DPM Formation Mechanism 
The formation of DPM occurs in two stages. First, solid soot or soot 
particles are produced in the engine combustion chamber by processes that 
include nucleation, surface growth, and agglomeration. Second, the SOF is 
formed on the soot particle surface when these particles are exhausted from 
the engine and diluted with fresh air (Chang, 1997).  These processes are 
shown schematically in Figure 2.3. 
Soot inception begins during fuel pyrolysis, when the parent fuel is 
broken down into smaller hydrocarbon fragments. Some of these hydrocarbon 
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fragments form the building blocks for aromatic species.  It is well known that 
acetylene (C2H2) and propargyl radical (C3H3) play a major role in the 
 
Figure 2.3 Formation of diesel particulate matter (Chang, 1997) 
formation of aromatics. However, the importance of other species is the 
subject of considerable debate. Aromatic species generated in the flame 
subsequently combine to form PAHs. The continued growth of these PAHs 
ultimately leads to the formation of the smallest soot spherules which are on 
the order of 1 - 2 nm in diameter. When aromatic compounds are present in 
the fuel itself, as is the case with diesel fuel, soot particle inception may 
proceed through a more direct route where fuel aromatics undergo 
condensation reactions. This is a particularly important mechanism at lower 
combustion temperature (Cheng, 2002). 
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Following nucleation, these particles experience surface growth, 
coagulation, and aggregation. Surface growth involves the attachment of gas-
phase species to the surface of particles and their incorporation into the 
particulate phase. Although surface growth processes lead to an increase of 
soot amount, the number of particles remains unchanged. The surface growth 
stage is followed by processes of collisions and coalescence which take place 
in the coagulation stage. The number of particles tends to decrease as their size 
increases, but the amount of soot stays constant. With collisions of lager 
particles, these particles are aggregated into chains and clusters (Chang, 1997).  
In the processes which take place in the diesel engine combustion chamber, 
oxidation can occur with soot or soot precursors in the presence of oxidizing 
species, forming gaseous products, such as CO and CO2. The final soot 
concentration depends on the balance between the processes of formation and 
oxidation before the soot enters the engine exhaust system (Chang, 1997). 
The final process that forms the DPM occurs outside the diesel engine. 
The primary emissions of diesel engines include aerosol precursor gases (SO2, 
SO3, H2SO4, H2O, low-volatile and semi-volatile organic species) as well as 
soot particles. During the dilution and cooling process, a competition between 
nucleation of the low-volatile species and condensation on the surface of the 
existing soot particles occurs. A schematic of these processes is displayed in 
Figure 2.4. The soot particles have been observed to undergo compaction 
when low- and semi- volatile species condense on their surface. The amount of 
organics adsorbed on diesel particles depends on the saturation ratios for the 
organic compounds, the surface area of diesel particles available for adsorption, 
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adsorption energy, and the residence time. Under certain dilution conditions, 
nucleation particles with diameters in the range of 10 - 50 nm can be observed. 
 
Figure 2.4 Particle formation mechanisms in diesel exhaust (Blue: volatile 
(H2SO4); red: semi-volatile organics (unburned fuel); green: low-volatile 
organics (lube oil)) (adapted from Schneider et al., 2005) 
This nucleation mode can be due to either nucleation of sulfuric acid water 
clusters, or possibly also nucleation of low-volatile organics vapors, which 
might originate from lubricating oil. The latter pathway is indicated with a 
dotted line in Figure 2.4. It is thought that the sulfuric acid/sulfate fraction in 
total mass emission is dependent on the fuel sulfur content, while the SOF, 
consisting mainly of unburned fuel and lube oil, is strongly dependent on 
engine operating conditions and is highest from diesel engines at light loads 
when exhaust temperatures are low (Schneider et al., 2005). 
2.3 Environmental and Health Effects of DPM 
2.3.1 Environmental Effects of DPM 
Carbonaceous particulate matter continues to be the subject of intense 
investigations due to its role in global climate change, both on a local and 
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global scale (Ramanathan and Carmichael, 2008). A unique characteristic of 
atmospheric carbonaceous PM is its ability to both warm and cool the earth's 
atmosphere, although uncertainties remain (Bond et al., 2013). DPM consists 
mostly of carbonaceous materials in the form of elemental carbon (EC) and 
organic carbon (OC). OC can in turn be broadly divided into water-soluble 
organic carbon (WSOC) and water-insoluble organic carbon (WISOC). The 
OC fraction scatters the incoming sunlight and is considered to result in 
negative radiative forcing (Myhre, 2009). WSOC is an important particulate 
species because it affects the hygroscopicity of the aerosols and hence their 
ability to act as cloud condensation nuclei (CCN) (Short et al., 2015). EC or 
black carbon (BC) strongly absorbs both visible and infrared radiation thus 
increasing the deposition of energy to the atmosphere while obscuring 
visibility and reducing the amount of light that reaches the Earth's surface. 
Climate forcing of EC is thought to exceed that of methane gas and is second 
only to CO2 (Ramanathan and Carmichael 2008).  In the ambient atmosphere, 
however, cooling and heating aerosols are always mixed and, as a 
consequence, complicates the estimation of an overall aerosol radiative forcing. 
In addition to direct effects of aerosols on climate, indirect effects such as 
increased cloudiness due to elevated CCN numbers and the increased 
probability and severity of rainfall expand the impacts of carbonaceous 
aerosols (Chung, 2009). 
2.3.2  Health Effects of DPM 
In addition to climate effects, epidemiological studies have shown a 
strong relationship between DPM and health outcomes, including increased 
mortality (Sydbom et al., 2001; Wichmann, 2007). DPM can travel deep into 
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the lungs where it can aggravate asthma, chronic bronchitis, emphysema, and 
other lung conditions (http://mde.maryland.gov/Pages/Home.aspx). Our 
respiratory system filters out larger particles, but smaller particles get trapped 
in the lungs, while the smallest ones are so tiny that they pass through the 
lungs into the blood stream. Particles may trigger or cause significant health 
problems, including coughing and difficult or painful breathing, aggravated 
asthma, bronchitis and emphysema, decreased lung function, weakening of the 
heart, heart attacks, and premature death 
(http://mde.maryland.gov/Pages/Home.aspx). Particle size, surface area and 
chemical composition are possible metrics affecting the health outcomes, 
although the dominant mechanisms for these outcomes remain largely 
unknown. 
Particle size determines how deeply they will penetrate the respiratory 
system. The smaller the particles, the deeper they permeate the lung (Figure 
2.5) and the more harmful they are for individual’s health. Especially, the 
ultrafine particles, which diesel aggregates make up a large share in urban air, 
appear to be more toxic due to their ability to penetrate into the cardiovascular 
system and other organs (e.g. Xia et al., 2007).  Modern diesel combustion 
strategies successfully reduced the overall particle matter emissions to meet 
legislations, but resulted in the production of more harmful ultrafine particles. 
An increased particle surface area per unit mass dose provides an increase in 
the availability of adsorbed toxic substances and highly correlates with the 
inflammatory response, and thus provides a locus for which catalytic 
chemistry can occur, potentially leading to ROS (reactive oxygen species) 
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formation (Surawski, 2011). Several studies have also demonstrated the 
importance of the organic 
 
Figure 2.5 Schematic of the relation between the particle sizes and their 
deposition in the body (adapted from Guarieiro L and Guarieiro A, 2013) 
fraction in DPM toxicity (Lin et al., 2008; McDonald et al., 2004; Seagrave et 
al., 2002, 2005; Surawski et al., 2011a, 2011b; Tsai et al., 2011, 2012). The 
organic fraction of DPM is particularly complex, containing hundreds (or 
possibly thousands) of compounds, including carcinogenic PAHs, hopanes and 
steranes, etc. Furthermore, the WSOC in OC fraction is highly correlated with 
the cellular production of ROS linked to toxicity and detrimental health effects 
(short et al., 2015). Several in-vitro and in-vivo research studies have shown 
that DPM as well as its organic extracts are able to induce pro-inflammatory 
responses and/or induce apoptosis in lung tissue cells (e.g. Surawski et al., 
2011a, 2011b). In addition, the study has also shown the semi-volatile fraction 
of the organics can actively partition into vapor phase and participate in the 
secondary aerosol formation (Ning and Sioutas, 2010). 
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2.4  Oxygenated Fuels for Reduction in DPM Emissions 
Given an understanding of the mechanisms of DPM formation and its 
effects on climate change and human health, it is necessary to select an 
appropriate method to reduce DPM emissions. In general, there are three 
approaches that are primarily used to reduce DPM emissions: engine 
modifications, exhaust after-treatment technologies, and fuel reformulations. 
First, significant changes in the engine combustion process by improvement in 
swirl, tumble and adjustments in valve timing can lead to a reduction in DPM 
emissions (Hess, 2002). Second, exhaust treatment via emission control 
systems has been used extensively to reduce DPM emissions from diesel 
engines (Hess, 2002). For example, oxidation catalysts are very effective in 
removing the SOF from DPM emissions. Meanwhile, particulate filters can be 
used to remove the dry soot component, achieving DPM reductions greater 
than 90%. However, engine modifications and exhaust after-treatment 
technologies for engine emission reduction are mostly applicable to new 
engines, but not to in-use engines. Fuel reformulations can be applied to both 
new and in-use diesel engines for further reduction in DPM emissions, which 
is especially a great benefit in reducing emissions from the in-use and non-
road diesel engines to comply with less stringent emissions standards. 
The development of oxygenated fuels to partly or totally replace 
petroleum diesel and thus to reduce DPM emissions is getting a high priority 
as a result of increased public concern about energy security and 
environmental pollution. Numerous oxygenated compounds in the form of 
alcohols, ethers, and esters have been considered based on their availability, 
price, toxicity, safety and compatibility with diesel fuel, among which 
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alcohols and biodiesel are the most widely investigated ones (Agarwal, 2007; 
Campos-Fernández et al., 2012, 2013; Di et al., 2009; Rakopoulos et al., 2006; 
Yilmaz et al., 2014; Zhu et al., 2010a, 2010b). 
2.4.1  Long-chain Alcohols 
Short-chain alcohols, mainly methanol and ethanol, in combination 
with diesel fuel, have been widely investigated for reducing the DPM 
emissions due to their high oxygen content and high H/C ratio (Agarwal, 2007; 
Chao et al., 2001; Di et al., 2009; Zhang et al., 2011, 2013). However, some 
practical difficulties prevent their use as fuels in diesel engines, such as 
reduced LHV compared to diesel fuel, miscibility and stability problems when 
blended with diesel fuel, low cetane number, high auto-ignition temperature 
and poor lubricating properties (Campos-Fernández et al., 2012, 2013; Yilmaz 
and Sanchez, 2012). Although several approaches have been adopted to try to 
solve or alleviate the problems, there are still some challenges during their 
practical applications. For example, on the one hand, immiscibility can be 
overcome by using emulsifiers to form a micro-emulsion with methanol or 
ethanol (Yilmaz and Sanchez, 2012; Yilmaz et al., 2014), or by directly 
injecting them into the air intake (Zhang et al., 2011, 2013), both of which 
could be combined with preheating of intake air to improve ignition and 
vaporization (Yilmaz and Sanchez, 2012). However, these processes require 
either complex engine hardware modification or skilled technical expertise 
making it unattractive for applications. On the other hand, blending methanol 
or ethanol with diesel with certain stabilization additives and cetane enhancers 
seems to be preferred because of its simplicity with no need to modify the 
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engine. However, the percentage of alcohols in diesel blends can be limited, 
e.g. 5 - 10% only, and additives could be costly (Yilmaz and Sanchez, 2012). 
Long-chain alcohols such as butanol and pentanol have recently drawn 
considerable research attention as alternative fuels for diesel engines due to 
their advantages compared to short-chain ones (Campos-Fernández et al., 
2012, 2013; Chen et al., 2013; Choi et al., 2015; Doğan, 2011; Jin et al., 2011; 
Karabektas and Hosoz, 2009; Li et al., 2015; Rakopoulos et al., 2010, 2011; 
Sukjit et al., 2013; Wei et al., 2014). For example, Campos-Fernández et al. 
(2012, 2013) suggested that the increase of the chain length and the absence of 
branches in an alcohol provide higher LHV, higher energy density and cetane 
number, and better miscibility with diesel, while keeping lower ST, VLH and 
knock tendency. As a result of these properties, long-chain alcohols can be 
blended with diesel fuel in a higher fraction. An additional attractive 
advantage of butanol and pentanol is that they could be produced from 
renewable raw materials through green biorefinery processes (Campos-
Fernández et al., 2012; Wei et al., 2014). Furthermore, the production of long-
chain alcohols by using these biological processes can consume substantially 
less energy than that of short-chain alcohols since the breakdown of large 
macromolecules can stop earlier (Campos-Fernández et al., 2012). 
Extensive research has recently been carried out on the use of various 
butanol-diesel blends in diesel engines, and the beneficial effects of these 
blends on smoke and DPM emissions were reported (Chen et al., 2013; Choi 
et al., 2015; Doğan, 2011; Rakopoulos et al., 2010, 2011; Yao et al., 2010). 
Apart from butanol, pentanol is a 5-carbon structure alcohol, which could be a 
better additive to diesel fuel than that of butanol as its fuel properties are 
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closer to those of petroleum diesel fuel (Wei et al., 2014). However, a few 
studies have been conducted by using pentanol-diesel blends (Campos-
Fernández et al., 2012, 2013; Wei et al., 2014). For example, Campos-
Fernández et al. (2013) evaluated the performance of a diesel engine fueled 
with pentanol-diesel blends. They found that blends with up to 25% pentanol 
by volume had no solubility or stability problems, and that the blends showed 
better combustion and brake thermal efficiency (BTE) than diesel fuel but 
with similar power, torque and brake specific fuel consumption (BSFC). 
Subsequently, Wei et al. (2014) examined the effects of blending 10%, 20% 
and 30% pentanol by volume with ULSD on the combustion, performance and 
exhaust emissions of a diesel engine. Their results showed that the addition of 
pentanol could significantly reduce particulate emissions, though the 
production of NOx increased slightly. Although the use of long-chain alcohols 
blended with diesel fuel provides additional advantages compared to short-
chain ones, and  shows reduction in soot and particulate mass emissions, the 
effects of these blends on the physico-chemical characteristics of particles, 
including their carbonaceous composition and particle number size 
distributions are still poorly understood. 
2.4.2  Biodiesel 
Biodiesel is chemically synthesized via the transesterification from 
vegetable oils, used frying oils, and animal fats. Biodiesel is renewable, 
nontoxic and readily biodegradable, has no aromatic compounds, and 
possesses a high cetane number, high flash point and also excellent lubricity 
performance (Anand et al, 2011; Di et al., 2009; Rakopoulos et al., 2006; 
Yoshimoto et al., 2013; Zhu et al., 2010a, 2010b). It has been widely reported 
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that substantial reduction in HC, CO and DPM emissions can be achieved 
through the application of biodiesel from various feedstocks in diesel engines 
(Agarwal, 2007; Rakopoulos et al., 2006; Zhu et al., 2010b). Despite its many 
advantages, the direct application of pure biodiesel or the use of high 
percentage of biodiesel in diesel blends may cause a poor atomization and 
incomplete combustion, carbon deposits or clogging of fuel lines, as well as 
thickening and gelling of the engine lubricating oil due to its poor volatility 
and high viscosity (Laza and Bereczky, 2011; Yilmaz and Sanchez, 2012; 
Yilmaz et al., 2014). These major drawbacks of biodiesel limit its proportion 
in diesel blends, typically about 20% (Yilmaz et al., 2014). 
Blending of biodiesel with both short-chain and long-chain alcohols 
has been considered as an option to simultaneously overcome the above-
mentioned disadvantages of biodiesel and alcohols and therefore to extend 
their application in diesel engines (Anand et al, 2011; Kumar et al., 2013; Laza 
and Bereczky, 2011; Rakopoulos, 2013; Tosun et al., 2014; Yilmaz and 
Sanchez, 2012; Yilmaz et al., 2014; Zhu et al., 2010a). For example, biodiesel 
and alcohols are miscible to some extent without any need for an emulsifier or 
a co-solvent.  In the blends, the lower viscosity and higher volatility of 
alcohols compensates for these opposite properties in biodiesel. Likewise, the 
lower cetane number of alcohols could be improved with the simultaneous use 
of the higher cetane value of biodiesel. Meanwhile, with the increased amount 
of oxygen content in the blended fuels, complete fuel combustion can be 
achieved.  
Extensive research has recently been carried out on the use of various 
methanol-biodiesel and ethanol-biodiesel blends in diesel engines (Anand et al, 
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2011; Yilmaz and Sanchez, 2012; Zhu et al., 2010a). From those previous 
studies, it has become clear that methanol and/or ethanol blended with 
biodiesel decreases NOx and DPM emissions while there are mixed results in 
terms of CO and HC emissions depending on the relative proportion of 
methanol or ethanol used as well as the engine operating conditions. Recently, 
Kumar et al. (2013), and Laza and Bereczky (2011) revealed that fuel 
properties such as lubricity, viscosity and cetane number can also be improved 
by blending higher alcohols with biodiesel and the blends were more suitable 
for applications in diesel engines than those of methanol-biodiesel or ethanol-
biodiesel blends. Subsequently, Tosun et al. (2014) compared the effects of 
blending 20% methanol, ethanol and butanol by volume with peanut methyl 
ester on fuel properties, engine performance, and exhaust emissions. They 
concluded that butanol-biodiesel blends showed higher engine power and 
torque, higher reductions of CO emissions than both methanol-biodiesel 
blends and ethanol-biodiesel blends. Meanwhile, Kumar et al. (2013), 
Rakopoulos (2013) and Yilmaz et al. (2014) explored the effects of butanol-
biodiesel blends on diesel engine performance and exhaust emissions, 
respectively. These studies revealed the beneficial effects of using various 
blends of butanol with diesel fuel on CO, smoke and DPM emissions at 
various engine loads. 
However, there has been no systematic investigation on the quality of 
engine emissions when being fueled with pentanol-biodiesel blends, to the 
best of our knowledge. Meanwhile, the effect of blending biodiesel with both 
butanol and pentanol on the physical and chemical characteristics of diesel 
particulate emissions remains unknown. This knowledge is needed in order to 
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improve our understanding of the environmental and health benefits associated 
with the use of biodiesel and long-chain alcohols blends. 
2.4.3  Overview of Oxygenated Fuels 
Among these oxygenates, apart from alcohols and biodiesel, additives 
such as DGM (diglyme), DMC (dimethyl carbonate), and DEA (diethyl 
adipate) have also received increased attention as their fuel properties are very 
similar to those of diesel fuel, and are characterized with a very high cetane 
number, very high oxygen content, or both (Cheng et al., 2002; Cheung et al., 
2009; Di et al., 2010; Ren et al., 2008; Wang et al., 2009; Wang et al., 2012; 
Xu et al., 2013; Zhu et al., 2011). These compounds are considered to be 
effective in DPM emission reduction even if a small amount is added to the 
base fuel. In addition, the oxygenates are suitable for application in existing 
commercial diesel engines because of their availability, affordable price, 
biodegradability, safety, and compatibility with diesel fuel (Di et al., 2010; 
Ren et al., 2008; Wang et al., 2009; Zhu et al., 2011). 
There is a general consensus from the previous studies that the fuel 
oxygen content has a significant influence on soot formation and DPM 
emissions. For example, Cheng et al. (2002), Choi and Reitz (1999) and 
Miyamoto et al. (1998) concluded that reduction in soot or particulate mass 
was mainly dependent on the percentage of oxygen in the blended fuel. 
However, the addition of different oxygenates to diesel fuel can result in 
differences in both the chemical and physical properties of the blends even if 
they have the same oxygen content. The different physico-chemical properties 
of blended fuels could in turn affect the fuel injection and combustion process, 
and thus probably lead to major differences in DPM properties and their 
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toxicity. Specially, there are several physical and chemical properties that 
impact diesel engine combustion and therefore DPM emissions that must be 
considered, such as fuel oxygen content, cetane number, and other fuel 
properties, including density, viscosity, volatility, aromatic and sulfur content, 
etc (Salvi et al., 2012). As the oxygenated fuels are not the same, the 
relationship between modification of the physical and chemical properties and 
the impact on particulate matter emission needs to be understood. In addition, 
even with the same oxygen content, the extent of soot and DPM emissions 
reduction with oxygenated fuel blends may also be dependent on the engine 
types and operating conditions (Cheng, 2002; Choi and Reitz, 1999; Salvi et 
al., 2012). However, no systematic studies have been conducted to explore 
how the oxygen content in the blends, the specific types of oxygenates, and 
the engine operation parameters affect particulate mass, carbonaceous 
particulate composition and particle number concentrations and size 
distributions. 
Moreover, the use of oxygenated fuel blends may not only reduces 
DPM mass emission but also alters the physical properties and chemical 
composition of particulates. The physical and chemical characteristics of DPM 
rather than DPM mass determine their potential influence on the environment 
and human health. For example, previous studies have indicated that the 
particulate composition and size distribution characteristics are highly 
dependent on the type of fuels combusted (Ballesteros et al., 2010; Cheung et 
al., 2009; Salvi et al., 2012; Surawski et al., 2011a, 2011b; Wang et al., 2009; 
Wang et al., 2012; Xu et al., 2013; Zhu et al., 2010b). Also, some recent 
reviews showed that fuel properties could affect the primary particle size, 
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nanostructure, and volatility of particulates, which are highly associated with 
the soot oxidation in DPFs as well as the DPF regeneration performance 
(Lapuerta et al., 2012; Song et al., 2006a; Xu et al., 2013; Yehliu et al., 2012). 
In view of these concerns, there is a strong need to conduct a systematic 
investigation of these fundamental changes in the DPM characteristics, when 
the petroleum diesel blended with oxygenates is used in diesel engines, and to 
relate these characteristics to the toxicological study outcomes. However, very 
few investigations have been done to date on determining the physical and 
chemical properties of particles emitted from an engine fueled with different 
kinds of oxygenated fuel blends (Xu et al., 2013). Most of the previous studies 
on detailed DPM characteristics of alternative fuels blended with diesel were 
restricted to different types of biodiesel (Bagley et al., 1998; Cheung et al., 
2009; Lackey and Paulson, 2012; Lin et al., 2006; Magara-Gomez et al., 2012; 
Salamanca et al., 2012; Song et al., 2006a; Song et al., 2011; Surawski et al., 
2011a, 2011b; Tsai et al., 2010, 2011, 2012). Moreover, the addition of 
different oxygenates with the same oxygen content to diesel fuel can result in 
differences in both the chemical and physical properties of the blended fuels 
because of the difference in the type of functional groups in them. The 
different physicochemical properties of blended fuels could in turn affect the 
fuel injection and combustion process, and thus probably lead to major 
differences in DPM properties and their toxicity (Salvi et al., 2012). However, 
no systematic study has been conducted to make a comparative evaluation of 
fundamental changes in the physicochemical characteristics of particulate 
emissions resulting from the combustion of diesel blended with several 
oxygenates with different thermo-physical properties and to relate these 
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changes to the toxicity of particulates in an integrated manner, to the best of 
our knowledge. 
2.5  Metal-based FBCs for Reduction in DPM Emissions 
Metal-based FBCs have been used for soot suppression for many years. 
Initial applications were in stationary combustors (e.g. utility and industrial 
boilers, process heaters), and later in gas turbines and diesel engines. Howard 
and Kausch (1980) provide a history of the use of metal fuel additives for soot 
control with the earliest reported use of alkali, alkaline earth, and transition 
metals in 1949 by the German synthetic gas industry. A later review by 
Koltsakis and Stamatelos (1997), noted that Cu, Mn, Co, Fe, Ni, V, Pb, Ca, 
and Ce have all been evaluated for soot suppression in diesel engines. 
Montano et al. (1989) first reported on the ability of Pt to reduce soot emission. 
Today, FBCs including Fe, Ce and Pt are commercially available, which have 
been used internationally in both on-road and non-road applications, although 
in the U.S., current regulations restrict their on-road use (Jung et al., 2005; 
Kanana et al., 2010; Lee et al., 2006; Ma et al., 2013, 2014; Miller et al., 2007; 
Nash et al., 2013; Okuda et al., 2009; Rocher et al., 2011; Skillas et al., 2000; 
Song et al., 2006b; Stratakis and Stamatelos, 2003; Zhang J et al., 2013; Zhu 
et al., 2012). For example, in Europe, these additives have been developed in 
combination with DPFs to ensure fast and complete regeneration, and to 
provide solutions that comply with current Euro 5 and Euro 6 requirements 
that take into account both regulated emissions and optimization of CO2 
emissions (Rocher et al., 2011). They can also be used without DPFs in retrofit 
systems for non-road equipment and commercial vehicles to reduce soot and 
DPM emissions (Kannan et al., 2011; Ma et al., 2013, 2014; Nash et al., 2013; 
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Zhang J et al., 2013; Zhu et al., 2012). Among these afore-mentioned FBCs, 
cerium and iron-based FBCs seem to be the most widely used ones. Recent 
studies suggested that iron-based and/or cerium-based FBCs doped in diesel 
fuel and in biodiesel promote complete and more efficient combustion in the 
diesel engines, resulting in increased power, improved fuel economy and 
substantially reduced exhaust emissions containing as soot, CO and HC 
(Kannan et al., 2011; Ma et al., 2013, 2014; Zhang J et al., 2013; Zhu et al., 
2012). Several studies have also recently explored the effects of FBCs on 
particle formation, oxidation and morphology, and have explored variations of 
engine, fuel, and catalyst parameters on engine performance and emissions 
(Jung et al., 2005; Lee et al., 2006; Miller et al., 2007; Nash et al., 2013; 
Skillas et al., 2000). Their results showed metal additives have a dramatic 
impact on soot formation processes and on the molecular structure and 
nanostructure of soot. Moreover, these metal additives will be more likely to 
generate metallic nanoparticles. 
Metal additives may reduce diesel emissions by two ways. First, the 
metals either react with water to produce hydroxyl radicals, which enhance 
soot oxidation, or react directly with carbon atoms in the soot, thereby 
lowering the oxidation temperature (Ribeiro et al., 2007). Moreover, if metal 
FBCs are used in combination with DPFs, the catalyst is then used to 
regenerate the filter by lowering the activation energies and ignition 
temperatures associated with soot oxidation. This effectively extends the life 
of the DPFs, decreases engine back pressure, and increases engine efficiency 
(Nash et al., 2013).  
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However, when these additives are used after combustion in the engine, 
they act as a nucleus for soot deposition. Usually, the additive is added as a 
metal-organic compound, and it is emitted in the particulate phase as oxide, on 
soot particles or forming new nanometer-sized particles by homogeneous 
nucleation of the additive. Higher metal content is the major drawback in the 
use of metal additives as these materials are harmful themselves and therefore 
must be limited (Ribeiro et al., 2007). Moreover, the use of FBCs in diesel 
fuels may not only reduce DPM emissions, but also alter the physical 
characteristics and chemical composition of particulates including emissions 
of metallic nanoparticles (Ma et al., 2014; Miller et al., 2007; Okuda et al., 
2009; Rocher et al., 2011; Skillas et al., 2000; Song et al., 2006b), which 
might lead to changes in the overall toxicity of DPM. However, no systematic 
studies have been conducted to make a comprehensive evaluation of 
fundamental changes in the physico-chemical characteristics of particulate 
emissions resulting from the use of Ce- and Fe-based FBCs in diesel engines 
and relate these changes to the toxicity of particulates in an integrated manner, 
to the best of my knowledge. In addition, it is still not clear how Fe-doped and 
Ce-doped fuels affect particle toxicity and which chemical constituents of 






Chapter 3  Materials and Methodology 
In this chapter, the materials, instrumentation and methodologies 
employed for this entire study are described. There are three major 
experimental components in this chapter: (1) Physical, (2) Chemical and (3) 
Toxicological characterization of PM emitted from diesel engines. Section 3.1 
shows the schematic of the experimental system and describes the 
characteristics of the engine employed in this study. Sections 3.2 and 3.3 
provide the sources and characteristics of the test fuels and FBCs, respectively. 
Section 3.4 describes the instrumentation and sampling methodologies of 
DPM. Sections 3.5, 3.6 and 3.7 describe the apparatus and methodologies 
employed for analysis of physical, chemical and toxicological characteristics 
of DPM, respectively. Section 3.8 describes the statistical analysis used in this 
work. 
3.1 Test Engine 
A schematic of the experimental system employed in this study is 
shown in Figure 3.1. Experiments were carried out on a single cylinder, 
naturally aspirated, four-stroke, direct-injection diesel engine (L70AE, 
Yanmar Corporation) connected to a 4.5 kW generator. The diesel engine has 
a capacity of 296 cm
3 
(CC) with bore and stroke of 78 mm and 62 mm, a fixed 
speed of 3000 rpm (revolutions per min). The main specifications of the 
engine are provided in Table 3.1. The generator is connected with several 
resistance heaters, and the engine load is adjusted by the variation of the total 
resistance. Experiments were conducted at three engine loads: 25%, 50% and 
75% of the fixed engine output. The corresponding engine torque is 3.58, 7.16, 
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and 10.74 Nm at 25%, 50% and 75% engine load, respectively. The 
corresponding BMEP values are 1.52, 3.04 and 4.56 bar. 
 
Figure 3.1 Schematic of the experimental system (FMPS: Fast Mobility 
Particle Sizer) 
Table 3.1 Engine specifications 
Model Yanmar L70AE-DGY5B 
Type Single-cylinder, vertical 4-stroke, 
natural-aspirated, air-cooled 
diesel engine 
Rated power (kW) 4.5  
Engine speed (rpm) 3000  
Bore × stroke (mm) 78 × 62 
Displacement (cc) 296 
Compression ratio 20:1 
Combustion system Mechanical direct injection 
Fuel injection timing 
(BTDC) 
15 
Injection pressure (bar) 196 
Nozzle diameter (mm)  
× holes  
0.24 × 4 
 
3.2  Test Fuels  
In this study, ULSD with less than 10-ppm (parts per million) by 
weight of sulfur was used as the baseline fuel. Seven oxygenates, namely, 
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waste cooking oil methyl ester (WCOME) and palm oil methyl ester (POME 
or PME) as biodiesel,  
Table 3.2 Properties of tested fuels 
Properties Diesel WCOME POME DGM  DMC DEA Butanol Pentanol 
Chemical formula - - - C6H14O3 C3H6O3 C8H14O4 C4H10O C5H12O 
C wt.% 86.6 78 76.6 53.7 40.0 55.2 64.9 68.2 
H wt.% 13.4 12 12.2 10.5 6.7 8.0 13.5 13.6 
O wt.% - 10 11.2 35.8 53.3 36.8 21.6 18.2 
Sulfur content, wt. 
ppm  
<10 3.1 <50 - - - - - 
Poly-aromatic 
content, wt.% 
0.6 - - - - - -  
Lower heating 
value (MJ/kg) 














2.8 4.36 4.6 2.0 0.63 2.5 2.22 2.88 
Cetane number 52 58 67 126 35.5 15 17 20 






161.3 91 127 117 138 
Stoichiometric air-
fuel ratio 
14.7 12.8 11.3 8.2 3.5 7.5 11.2 11.8 
 
dimethyl carbonate (DMC), diglyme (DGM), diethyl adipate (DEA), n-
butanol (Bu) and n-pentanol (P) which represent different chemical groups, 
namely, ester, ethers and alcohols were used as oxygenated fuels. The 
WCOME and POME used in this study were obtained from Alpha Biodiesel 
Pte Ltd in Singapore, and from a palm oil-based biodiesel plant in Malaysia 
operated by Vance Bioenergy, respectively. The fuel properties of the two 
kinds of biodiesel are provided by their supplier. Anhydrous DGM and 
butanol with water content less than 0.5% and 0.2%, respectively, and Reagent 
Plus grade (≥ 99%) of DMC, DEA and pentanol were purchased from Sigma-
Aldrich, with the properties of the these oxygenates taken from previous 
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studies in literature (Campos-Fernández et al., 2012, 2013; Ren et al., 2008; 
Wei et al., 2014). The major properties of the tested fuels are listed Table 3.2. 
Experiments were carried out with the following modes of fuels: (a) In 
Chapter 4, ULSD was used as a baseline diesel fuel and WCOME as biodiesel. 
The two kinds of blended fuels were prepared by the volume proportion of 10% 
and 20% of butanol and pentanol in diesel fuel and in biodiesel, respectively. 
The blended fuels are identified as D90Bu10, D80Bu20, D90P10, D80P20 for 
butanol-diesel and pentanol-diesel blends, B90Bu10, B80Bu20, B90P10, 
B80P20 for butanol-biodiesel and pentanol-biodiesel blends, respectively. (b) 
In Chapter 5, ULSD was used as baseline fuel, which is identified as D100. 
Five oxygenates, namely, PME as biodiesel, DMC, DGM, DEA and Bu which 
represent different chemical groups, namely, ester, ethers and alcohol were 
used as oxygenated fuels. Each blended fuel having the same oxygen 
concentrations of 2% and 4% by weight was used for this study. The same 
amounts of oxygen in blended fuels have been used in many previous studies, 
and also proved to be effective in reducing DPM emissions significantly 
without the need for engine modification (Di et al., 2010; Doğan, 2011; 
McCormick et al., 1997; Ren et al., 2008). The properties of each blended fuel 
can be estimated on the basis of properties of the baseline fuel and the 
oxygenated compounds using the method recommended by Wang et al. (2009), 
with the results shown in Table 3.3. The BSFC (g/kW.h) and BTE (%) for the 












where vf is the volume consumption of the fuel in L/h; a is the proportion of 
oxygenates in the blended fuel;  ρd and ρo are the density of diesel fuel and 
oxygenates in g/L; Pe is the brake power in kW; LHVd and LHVo are the lower 
heating value of the diesel and oxygenates in kJ/kg. 
Table 3.3 Calculated physicochemical properties of blended fuels 
 DGM2 DGM4 PME2 PME4 DMC2 DMC4 DEA2 DEA4 Bu2 Bu4 
Density 835.56 841.11 839 848 837.2 844.38 839.43 848.87 828.07 826.15 
Equivalent 
cetane number 
55.74 59.47 54.57 57.14 52.11 51.01 49.98 48.65 48.63 45.26 
Lower heating 
value MJ/kg 
41.48 40.47 41.98 41.67 41.48 40.47 41.40 40.33 41.70 40.90 
C wt.% 83.34 82.12 84.7 82.92 83.1 82.12 84.66 82.96 82.58 80.96 
H wt.% 14.66 13.88 13.3 13.08 14.9 13.88 13.34 13.04 15.42 15.04 
O wt.% 2 4 2 4 2 4 2 4 2 4 
Volume in the 
blended fuels, % 
5.05 10.10 20 40 3.00 5.99 5.39 10.78 9.63 19.25 
Mass in the 
blended fuels, % 
5.68 11.28 20.86 41.27 3.83 7.59 6.45 12.76 9.48 18.87 
 
3.3 Fuel-borne Catalysts (FBCs) 
The FBCs used in this study include analytical grade ferrocene 
(Fe(C5H5)2; Sigma-Aldrich, ≥ 98%) in the form of commercially available 
nanoparticles, and cerium oxide (CeO2; Sigma-Aldrich, ≥ 99.9%) nanopowder 
with particle size of less than 25 nm. Three concentrations of Fe(C5H5)2 and 
CeO2 in ULSD were examined in the experiments corresponding to 25, 50, 
and 100 ppm Fe and Ce by weight, respectively. The required quantity of the 
nanoparticle samples for each dosing level was measured using a 
microbalance (Sartorius MC5, accuracy of ± 1 μg). The method employed to 
add Fe(C5H5)2 and CeO2 to the fuel was similar to that used by Miller et al., 
(2007) and Nash et al., (2013), and Sajith et al., (2010), respectively. 
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Briefly, a known amount of Fe(C5H5)2 was added to approximately 400 
ml of ULSD in a beaker. This mixture was heated to 60℃ , stirred 
continuously for at least 30 min, and splash blended with the appropriate mass 
of ULSD to achieve the desired Fe concentration. While for CeO2 additive, the 
required quantity of the CeO2 was mixed with the ULSD by means of a water-
bath sonicator (Elmasonic S60H, ELMA, Germany), applying a constant 
agitation time of 30 minutes to produce a uniform suspension. The modified 
fuels were utilized immediately after preparation, in order to avoid any settling 
or for sedimentation to occur. 
3.4  DPM Sampling and Testing 
A two-stage Dekati mini-diluter (DI-1000, Dekati Ltd) was used for 
diluting the engine exhaust for sampling and online testing. The diluter 
provides primary dilution in the range of 8:1 to 6:1, depending on the engine 
operating conditions, while the secondary dilution system provides a further 
dilution of 8:1. The actual dilution ratio for each stage was determined by 
simultaneously measuring CO2 concentrations in the raw exhaust, in the 
background air and in the diluted exhaust (Zhang et al., 2011), using a non-
dispersive infrared analyzer (MRU VarioPlus, Germany, ±0.5% accuracy). 
The dilution ratio (DR) was calculated based on the following equation 
(Equation 3-3). This measurement was done for every test, and all data 





                       (Equation 3-3) 
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where [CO2]exhaust is the CO2 concentration in the raw engine exhaust before 
dilution, [CO2]diluted is the diluted CO2 concentration, and [CO2]background is the 
CO2 concentration in the background. 
The first stage diluter was used only to cool the sampling gas 
temperature below 52 ℃ for particulate sampling. DPM emissions from the 
first-stage diluter were collected onto 47 mm Teflon filters (Pall Life Sciences) 
and pre-combusted (650 ℃ for 12 h) 47 mm quartz fiber filters (Whatman, 
USA), by using two Mini-Vol  particulate samplers (Air metrics Ltd.; 5 L/min 
flow rate), respectively.  Particles collected on the Teflon filters were used for 
gravimetric analysis, WSOC, and for toxicological analysis. While those 
collected on quartz fiber filters were processed for subsequent OC/EC, thermo 
gravimetric analysis (TGA), Raman spectroscopy, particle-phase PAHs and n-
alkanes analysis. Before and after sampling, the filters were allowed to 
equilibrate in a humidity-controlled chamber at a constant temperature and 
humidity (24 ± 1 ℃, 30 ± 8% RH), and weighed using a microbalance 
(Sartorius MC5, accuracy of ± 1 μg ) for quantifying total particulate mass 
emissions.  After being weighed, the filters were kept in glass petri dishes and 
stored under refrigeration at -20 ℃ for the subsequent analysis.  
The number concentrations and size distributions of volatile and non-
volatile (solid) particles in the secondary dilution stage were measured by a 
Fast Mobility Particle Sizer (FMPS, Model 3091, TSI Incorporated, USA) for 
particles in the size range of 5.6 to 560 nm. Before starting this PhD study, the 
SMPS has been sent to the US manufacturer for cleaning, maintenance and 
calibration to make sure that the instrument is maintained in its best conditions. 
Furthermore, before starting the test for each fuel at each engine load 
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condition, the FMPS was also cleaned and zero-calibrated by passing the “zero” 
air through it with an online HEPA filter. For particle number determination, 
two diluters were used in series, with the first stage being heated by a surface 
heater to 190 ℃ in order to minimize thermophoretic deposition. During the 
solid particle number emission measurements, a thermodenuder (TD, Dekati 
Ltd) was placed in-line between the secondary stage diluter and the FMPS.  In 
the TD, the volatile compounds of the particles were vaporized by heating the 
sample aerosol, and were then gradually cooled and adsorbed onto active 
charcoal so that they did not re-condense onto the remaining solid particles. 
The temperature in the heating section of the TD was maintained at 265℃. 
The TD diffusion losses were estimated using the method of Lu et al. (2013) 
and Surawski et al. (2011a), and the diffusion loss-corrected particle size 
distributions are presented in this thesis. In this study, the particles as 
measured by the FMPS in the absence of the TD were defined as “volatile 
particles”. While these particles measured by passing through TD were 
defined as “solid particles”. The FMPS was also used to estimate aerosol 
surface area from the measured size distribution. Under the assumption that 
spherical particles had a physical diameter equivalent to their mobility 
diameter, the aerosol surface area was determined by the size distributions. 
3.5  DPM Physical Properties 
A thermo-gravimetric analyzer (TA instruments, SDT Q600) was used 
to investigate the volatile organic fraction (VOF) in particles and the oxidative 
reactivity of soot. In order to keep the TGA results comparable, for each test, 
the initial mass of particulate samples was maintained at around 2 mg. The 
particulate samples were firstly heated in an argon environment with a heating 
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rate of 10°C per minute to 400°C, and then held at 400°C for 10 minutes. The 
mass loss in the argon environment was taken as the mass of the volatile 
substances. The remaining part was heated at an air environment with a 
heating rate of 10°C per minutes to 800°C. The mass loss at the air 
environment was taken as the mass of the non-volatile substances. A similar 
approach was used by Boehman et al. (2005), Lu et al. (2012, 2013) and 
Mustafi et al. (2010) to distinguish between the volatile and non-volatile 
fractions of diesel particles. The ignition temperature was determined as the 
temperature at which the rate of mass loss at the air environment reaches the 
maximum. The activation energy for the soot was estimated using a modified 
form of the Arrhenius expression as follows, as suggested in Stratakis and 
Stamatelos (2003). A similar approach was in previous studies reported in the 




= 𝐴𝑒−𝐸/𝑅𝑇𝑚𝑛                                        (Equation 3-4) 
Where m is the actual mass of sample under oxidation, t is the time, A is the 
frequency factor, E is the activation energy, R is the molar gas constant, T is 
the heating temperature, and n is the reaction order. For soot oxidation, the 
reaction order is assumed equal to 1 (Lu et al., 2012). 
Raman spectra of the DPM samples were recorded with a Renishaw 
microscope system (Renishaw, System 2000) using a 514 nm Ar ion laser as 
an excitation source. The Raman spectral intensity and wavelength were 
calibrated with the silicon wafer by utilizing the first-order Stokes Raman of 
pure Si at 520 cm
-1
. The spectra of the samples were in the range of 100–
3600 cm
-1
 with a 50X magnification objective and with a spectral resolution of 
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∼3.5 cm-1. The Raman spectrometer was generally operated in the continuous 
scanning mode. The power of the excitation laser beam (1–100% relative 
intensity), spot diameter (0–100% defocusing), and exposure time were varied 
to find optimum measurement conditions. For each sample, ten spectra 
collected at different positions were analyzed and averaged in each sample in 
order to improve the statistical significance. The Renishaw WIRE 2.0 software 
running under GRAMS/32 (Galactic, Levenberg–Marquardt nonlinear least-
squares fitting algorithm) was used to perform the spectral analysis. The 
spectral parameters of the soot were determined by the curve fitting after 
linear baseline correction. To ensure the reproducibility of the curve fit, the 
fitting procedure was repeated at least five times for each Raman spectrum. In 
this study, the D (defect)/G (graphite) band intensity ratios (ID/IG) were used to 
investigate the graphite-like structure of soot particles. With the decrease in 
this ratio, the graphite-like structure becomes dominant. 
3.6  DPM Chemical Composition 
3.6.1  Carbonaceous Substances 
A Sunset Labs (Forest Grove, OR) thermal/optical carbon aerosol 
analyzer was used to quantify EC and OC emissions according to NIOSH 
5040 (NIOSH, 1999) (chapters 5 and 6) and IMPROVE TOR (thermal optical 
reflection; Shandilya and Kumar, 2014) (Chapter 4) protocols, respectively. A 
schematic diagram of the Sunset Laboratory Thermal-Optical Carbon Aerosol 
Analyzer is shown in Figure 3.2. The operation of the analyzer was based on 
the preferential oxidation of organic and elemental carbon (OC and EC) 
compounds at different temperatures. Its function relies on the fact that 
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organic compounds can be volatilized from the sample deposited in a non-
oxidizing helium (He) atmosphere, while EC must be combusted with an 
 
Figure 3.2 Sunset laboratory thermal-optical carbon analyzer (Peterson 
and Richards, 2002) 
oxidizer. Before testing, the field calibration was done. Meanwhile, 15% of 
samples were analyzed repeatedly to show reproducibility of data acquired 
from the instrument. The analytical procedure is as follows: (1) a punch 
sample with a nominal area of 1.5 cm
2 
taken from a quartz filter was liberated 
carbon compounds under different temperatures and oxidation environments 
in the front oven; (2) these compounds were converted to CO2 by passing the 
volatilized compounds through an heated oxidizer oxidation catalyst; (3) CO2 
was subsequently reduced to methane (CH4) by passing the flow through a 
methanator; (4) CH4 equivalents were quantified with a flame ionization 
detector (FID); (5) At the end of each analysis, an injection loop in the 
analyzer was used to inject a fixed volume of a nominal 5% methane in helium 
standard, which is treated as an internal standard. Meanwhile, a red-light laser 
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and photocell were used to monitor transmittance of the filter for 
determination of the OC-EC split time during analysis. Both in 









OC1 250℃ 140℃ 
Carbon evolved from the filter 
punch in a pure helium 
atmosphere 
OC2 500℃ 280℃ 
OC3 650℃ 480℃ 
OC4 850℃ 580℃ 
OP   
The carbon evolved from the 
time that the carrier gas flow is 
changed from He to 98% He/2% 
O2 at 580 °C to the time that the 
laser-measured filter reflectance 
(OPR) or transmittance (OPT) 
reaches its initial value. A 
negative sign is assigned if the 
laser split occurs before the 
introduction of O2. 
EC1 650℃ 580℃ 
Carbon evolved from the filter 
punch in a 98% He/2% O2 
EC2 750℃ 740℃ 
EC3 850℃ 840℃ 
 
the NIOSH 5040 and IMPROVE TOR methods, eight carbon fractions can be 
defined including OC1 - OC4, OP and EC1 - EC3. The OC is defined as OC1 
+ OC2 + OC3 + OC4 + OP and EC is defined as EC1 + EC2 + EC3 - OP. The 
definition of each carbonaceous fraction is provided in Table 3.4. As can be 
seen in Table 3.4, the IMPROVE TOR and NIOSH 5040 protocols are similar 
except that the temperature set points for OC determination in NIOSH 5040 
method are higher than those of IMPROVE TOR method. 
The WSOC contents extracted from Teflon filters were analyzed by 
using an organic carbon analyzer (TOC-VCSH, Shimadzu), following the 
procedure of Agarwal et al. (2010). Specifically, the particles collected on 
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Teflon filters were firstly extracted with organic-free Milli-Q water (> 18 MΩ 
cm) using a water-bath sonicator (Elmasonic S60H, ELMA, Germany) for 30 
min, and then be filtered through a polytetrafluoroethylene (PTFE) syringe 
membrane filter (pore size, 0.2 μm; Sartorius AG, Goettingen, Germany). 
Finally, 0.1 ml of 2M HCl was added to 5 ml water extracts, purged 10 min 
with ultrapure air (80 ml/min), and then 100 μl of solution was injected into 
the organic carbon analyzer for determination of  WSOC.   
3.6.2  Particle-phase PAHs and N-alkanes 
A Markes Unity/Ultra thermal desorption system coupled with Agilent 
6890N chromatography/5973N mass spectrometry (TD-GC/MS) was used for 
the analysis of particle-phase PAHs and n-alkanes. The GC/MS was calibrated 
with a diluted standard solution of 16 PAH compounds (PAH mixture-610M; 
Supelco, Bellefonte, PA, USA). The chemical analysis following serial 
dilutions of PAHs standards showed that the detection limit (DL) for GC/MSD 
was between 0.05 μg/mL and 0.60 μg/mL for the 16 PAHs. The average 
recoveries of spiked PAHs from standard reference diesel particle matter 
(SRM-1650, NIST, Gaithersburg, MD, USA) were found within the range of 
56-112%.  Six consecutive injections of diluted PAH standards yielded 
relative standard deviations (RSD) between 5.25–9.64% of the GC/MSD 
integration area. The R
2
 of calibration lines of the 16 PAHs ranged from 
0.9904 to 0.9998. Additionally, analysis of field blanks, including quartz 
filters and cartridges, showed all PAH levels were less than the DL of the 
instrument. 
The details of the analytical method, including sample preparation, 
calibration standards, the analysis of samples, as well as the performance 
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characterization were previously described by Ho and Yu (2004). Briefly, a 
quarter of the each particles deposited quartz filter was prepared by spiking 
known amounts of internal standards of n-C24D50 (Sigma-Aldrich, 98%) and 
phe-d10 (Sigma-Aldrich, 98%) in dichloromethane (CH2Cl2), and was dried 
for a few seconds to allow evaporation of the organic solvent. The standard-
loaded filter piece was then inserted into a pre-combusted (550 ℃ for 12 h) 
thermal desorption glass tubes (Supelco, Bellefonte, PA).  A small amount of 
pre-baked glass wool (Sigma-Aldrich, Bellefonte, PA, USA) was inserted at 
each end of the tube to prevent the filter from sliding out and large particles 
from entering the column. The loaded glass tubes were stored inside capped 
test tubes and were kept in a desiccator before analysis. Calibration standards 
were prepared by spiking known amounts of n-alkane mix (C8-C40; Accu 
Standard, CT, USA) and USEPA610 standard mixtures (Sigma-Aldrich, 
Bellefonte, PA, USA) onto pre-baked (650 ℃ for 4 h) quartz-fiber filters. 
Calibration curves were constructed by plotting the peak areas versus the 
amount of each species in the standards. Moreover, the two deuterated 
compounds, n-C24D50 and phe-d10, were used as internal standards for the 
analyses. In this study, the thermal desorption trap temperature and flow rate 
were set at 300 ℃ and 50 ml/min, respectively. The GC oven program was 
initially held at 30 ℃ for 2 min, ramped at 12 ℃ min−1 to 120 ℃, ramped at 8 ℃ 
min
−1
 to 280 ℃, then ramped at 12 ℃ min−1 to 325 ℃, and held at 325 ℃ for 
20 min until the end of the analysis. The GC was equipped with a Restek 
RTX-5 capillary column (5 % phenylmethylsilicone, 30 m × 0.32 mm, 0.25 
μm film thickness; Restek Corp., Bellefonte, PA) and ultrahigh purity helium 
(99.9999%) was used as the carrier gas. The mass spectrometer detector (MSD) 
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was operated at 280 ℃ and 70 eV for electron ionization. The mass scan range 
was from 50 to 650 amu. 
The 16 USEPA PAHs are separated into three different molecular 
weight ranges: Low molecular weight (LMW) PAHs are two and three rings 
PAHs including naphthalene (Nap), acenaphthylene (AcPy), acenaphthene 
(AcP), fluorine (Flu), phenanthrene (PA) and anthracene (Ant). Middle 
molecular weight (MMW) PAHs are four rings PAHs including fluoranthene 
(FL), pyrene (Pyr), benzo[a]anthracene (BaA) and chrysene (CHR). High 
molecular weight (HMW) PAHs are five and six rings PAHs including 
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF),benzo[a]pyrene 
(BaP), dibenzo[a,h] anthracene 




















(DBA), indeno[1,2,3,-cd]pyrene (IND) and benzo[ghi] perylene (BghiP). The 
total-PAH data represented the sum of the 16 individual PAHs. The overall 
toxicity was defined as the sum of Benzo[a]pyrene equivalent (total BaPeq), 
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which was each PAH concentration multiplied by its toxic equivalency factor 
(TEF) as recommended by Nisbet and LaGoy (1992), which was provided in 
Table 3.5. For particle-phase n-alkanes, concentrations of the homologous 
series from C14 to C26 were quantified. The concentrations for n-alkanes with 
molecular weight lower than C14 and higher than C26 were quite low and 
therefore are not reported in this study. 
3.7  Cytotoxicity  
The particulate samples for the toxicological experiments were 
physically removed from the Teflon filters sonication using previously 
validated procedures (Jalava et al., 2005). Briefly, the particulate samples from 
the Teflon filters were treated with methanol in the water-bath sonicator 
(Elmasonic S60H, ELMA, Germany) for 2 × 30 min, subsequently 
concentrated in a rotary evaporator (Buchi, Switzerland) to 5 ml, and then 
dried in nitrogen flow (100 ml/min), and finally stored at -20 ℃ . The 
extraction efficiencies were in the range of 88-95%, and the extracted 
particulate mass was efficiency-corrected.  The extracts used for exposure of 
cells were re-suspended in DMSO (Dimethyl sulfoxide, Bioreagents, Sigma-
Aldrich) and subsequently in cell exposure medium. The final concentrations 
of particles in the cell culture wells corresponded to 25, 50, 100 and 200 μg/ml 
of native particles, respectively. The final concentration of DMSO in the 
medium did not exceed 0.5% (v/v). The human-type II cell alveolar epithelial 
cell line A549 (American Type Culture Collection) was cultured in DMEM 
(Dulbecco's Modified Eagle Medium, Gibco) with 10% FBS (fetal bovine 
serum) at 37℃ in 5% CO2. A549 cells were seeded into 96-well plates at a 
concentration of 1 × 10
5
 cells/ml, and cultured for 24 h to allow adherence and 
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proliferation. The medium was then replaced, and the cells were exposed to 
particles contained in DMEM for another 24 h. At the end of the treatments, 
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a 
yellow tetrazole, Sigma-Aldrich) (0.5 mg/ml final concentration) was added to 
the wells and incubated for 4 h. The medium was removed, and 100 µl DMSO 
was added to dissolve the blue formazan crystals. The absorbance value of the 
MTT formazan in each well was measured using an Infinite 200 PRO 
microplate reader (Tecan Group Ltd, Germany) at a wavelength of 570 nm. 
Each sample was tested in six replicate wells, and the data on cell viability are 
reported as relative decrease compared to the control, considered as 100% of 
viable cells. 
3.8  Statistical Analysis  
Experiments were performed at a constant engine speed of 3000 rpm 
and at three engine loads, corresponding to 25%, 50% and 75% related power, 
respectively. At each mode of operation, the engine was allowed to run at least 
for half an hour until the exhaust gas temperature and the power output 
attained steady-state values and data were measured subsequently. For 
particulate sampling and analysis, three tests were carried out for each 
operating condition and the results were found to agree with each other at 95% 
confidence level. For determining particle number concentrations and size 
distributions, five measurements were taken at each mode of operation and the 
average values were calculated. In this study, the gaseous emission 
concentration and fuel consumption were also determined, based on which the 
emission volumetric concentrations were converted into mass factors by using 
the fuel flow method (SAE, 1993). Statistical analysis was performed using 
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the GraphPad Prism software (GraphPad, San Diego, CA), and statistical 
significance was ascertained by two-way analysis of variance (ANOVA) 
followed by Tukey's multiple comparisons tests. Values of p < 0.05 were 
considered significant. The results of particle number size distributions are 
represented as the mean value, with the relative standard deviations ranging 








Chapter 4  Influence of Blending Long-chain Alcohols 
with Diesel and Biodiesel on Diesel Engine particulate 
Emissions 
This chapter discusses the results obtained on the effects of blending 
butanol and pentanol with either ULSD or WCOB on engine performance and 
on the characteristics of particulate matter under different engine operating 
conditions. Specifically, 10% and 20% by volume of n-butanol and n-pentanol 
were blended with ULSD and WCOB, respectively.  The influence of the 
blends on BSFC and BTE, particulate mass emission factors, composition of 
carbonaceous particulates, volatile and solid particle number emissions and 
their size distributions was investigated. 
4.1  Engine Performance 
For each testing mode, the volumetric flow rates of the fuels were 
measured and then converted to the mass consumption based on the density of 
each fuel. The BSFC and the BTE for each fuel were then calculated. The 
effects of blending these long-chain alcohols with diesel fuel and with 
biodiesel on both BSFC and BTE are shown in Figure 4.1 and Figure 4.2, 
respectively. 
The BSFC decreases while the BTE increases with an increase in the 
engine load for all tested fuels due to enhancement in the combustion process 
at the higher engine load (Figure 4.1). At low engine load, the BTE for both 
D90Bu10 and D80Bu20 shows no significant difference from that of diesel 
fuel, which, combined with the lower LHV of butanol, led to the increase in 
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the BSFC for the corresponding butanol-diesel blends by 2.0% and 4.1%, 
respectively. At medium and high engine loads, the increased BTE can partly 
offset the reduced LHV of blends, caused by the butanol addition. As a result, 































































































































Figure 4.1 Effect of long-chain alcohols-diesel blends on brake specific 
fuel consumption (BSFC) and brake thermal efficiency (BTE) 
fuel shows no significant changes in BSFC. However, for D80Bu20, the BTE 
still increased by 3.4% and 2.4% at medium and high engine loads, 
respectively, due to a higher proportion of butanol in the blended fuels leading 
to higher LHV reduction. The BSFC associated with pentanol-diesel blends is 
similar to that of diesel fuel at all tested conditions. The BTE at different 
proportions of pentanol in the blends increased by 2.5 - 3.7%, 3.6 - 7.7% and 
5.9 - 7.3%, respectively from low to high engine load. Cheng et al. (2013), 
Doğan (2011) and Rakopoulos et al. (2010) studied the influence of blending 
different proportions of butanol to diesel fuel on diesel engine performance 
and exhaust emissions, respectively. They all found a slight increase in both 
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BSFC and BTE with an increase in the butanol content in the blended fuels. 
Campos-Fernández et al. (2012) compared the performance between butanol-
diesel blends and pentanol-diesel blends in the same diesel engine.  Their 
results showed a slight increase in BTE when the engine was fueled with both 
kinds of blended fuels. The finding of this study is in line with those from 
previous reports in the literature (Campos-Fernández et al., 2012; Chen et al., 
2013; Doğan, 2011; Rakopoulos et al., 2010).  In this study, it is further 
investigated that with the same proportion of alcohols in the blended fuels, 
pentanol-diesel blends present a 2 to 3.4% lower BSFC than those of butanol-
diesel blends, which is consistent with the higher reduction of the LHV of 
butanol-diesel blends than those of pentanol-diesel blends. Meanwhile, 
pentanol-diesel blends also exhibit a slightly higher BTE compared to butanol-
diesel blends, as shown in Figure 4.1. 
As shown in Figure 4.2, the BSFC for biodiesel increased by about 13% 
in relation to diesel fuel due to the lower LHV of diesel fuel compared to that 
of diesel fuel. Furthermore, both butanol and pentanol have a lower LHV than 
that of biodiesel, which led to an increase in the BSFC for B90Bu10, 
B80Bu20 and B80P20 by 1.8%, 3.9% and 2.0%, respectively, at low engine 
load, and an increase in the BSFC for B80Bu20 by 1.9% at medium engine 
load when compared to pure biodiesel. In other cases, the blended fuels show 
no significant changes in BSFC when compared to biodiesel, indicating the 
improved combustion characteristics under these conditions. In this study, 
there is a marginal variation in BTE when the engine is combusted with 
biodiesel. Compared to B100, the BTE for B90P10 increased by 1.5%, 2.0% 
and 2.1%, from low to high engine load, and for B80P20 increased by 1.8% 
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and 2.0% at medium and high engine loads, respectively. As for butanol-











































































































































Figure 4.2 Effect of long-chain alcohols-biodiesel blends on brake specific 
fuel consumption (BSFC) and brake thermal efficiency (BTE) 
The variation of engine performance with the addition of long-chain 
alcohols to ULSD or to biodiesel can be explained by the different fuel 
properties combined with their unique combustion characteristics. On the one 
hand, the addition of butanol and pentanol to diesel fuel or to biodiesel can be 
attributed to the oxygen enrichment coupled with the higher laminar flame 
speed and the longer ignition delay associated with their lower cetane number, 
which could enhance the combustion process and therefore increase BTE 
(Chen et al., 2013; Doğan, 2011; Rakopoulos et al., 2010). On the other hand, 
as proposed by Campos-Fernández et al. (2012, 2013), the lower viscosity and 
molecular weight of both butanol and pentanol than that of diesel fuel may 
cause better fuel atomization and therefore lead to more complete combustion, 
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which could be considered as one of the factors contributing to the increase in 
BTE. The same reason might have led to an improved BTE when blending of 
butanol or pentanol to biodiesel. However, the higher latent heat of 
evaporation of butanol could lower the combustion temperature and reduce the 
BTE, especially at lower engine load with a high proportion of it being 
blended to ULSD or to biodiesel. Meanwhile, both butanol and pentanol have 
lower energy density than that of diesel fuel and biodiesel, which could lead to 
a reduction in the LHV of blended fuels and thus higher BSFC. In this study, it 
is possible that the improved combustion somewhat offset the reduced LHV of 
the blends that results in a minor change in BSFC for most of the cases. 
However, at low engine load, the higher latent heat of evaporation of butanol 
may eliminate the positive effect and lead to no significant changes in BTE. In 
addition, compared to pentanol, butanol has higher latent heat of evaporation 
and could therefore result in a lower increase in BTE. However, the maximum 
increase in BSFC, caused by butanol-diesel blends, is only 4.1%, which is 
much lower than that of the usual increase when ethanol-diesel blends are used 
(Cheung et al., 2008). Overall, the results on engine performance indicate that 
using diesel blended with up to 20% butanol or pentanol does not require 
significant modification of existing diesel engines, and is therefore more 
suitable for applications in diesel engines than that of short-chain alcohols-
diesel blends. The integrated result also shows that addition of butanol to 
biodiesel only slightly increases the BTE at high engine loads with 20% 
butanol addition. As for pentanol-biodiesel blends, there is a slight increase in 
the BTE for all tested conditions. 
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4.2  DPM and Carbonaceous Matter Emissions 
In this study, the particulate mass emission factors, and carbonaceous 
matter in particles, including EC, OC, and WSOC were determined, based on 
which the ratios of OC/EC and WSOC/OC were calculated. The effects of 
blending of long-chain alcohols with diesel fuel and with biodiesel on both 
DPM mass and carbonaceous matter in particles, and on OC/EC and 
WSOC/OC ratios are provided in Figures 4.3 and 4.4, respectively. As shown 
in Figures 4.3 and 4.4, for each fuel, the EC emission factor sharply increases 
while the OC and WSOC emission factors generally decreased with an 
increase in engine load, resulting in the decreased OC/EC ratios with engine 
load.  Compared to diesel fuel, the EC emission factors for biodiesel decrease 
by 51.3%, 50.3% and 43.1% from low to high engine load. The EC emission 
factors regularly decrease with an increase in the proportion of both butanol 
and pentanol in diesel fuel and in biodiesel for all tested engine loads. 
Moreover, with the same proportion of alcohols in the blended fuels, the EC 
emission reductions for butanol-diesel blends and for butanol-biodiesel blends 
are higher than those obtained from pentanol-diesel blends and pentanol-
biodiesel blends, especially at higher engine load with a higher proportion of 
them in the blends. For example, compared to diesel fuel, the reduction of EC 
emission factors with addition of different proportions of butanol in butanol-
diesel blends is 14.7 - 24.8%, 18.3 - 33.2% and 18.9 - 37.9%, respectively 
from low to high engine load. Similarly, compared to B100, the reduction of 
EC emission factors at different proportions of butanol in butanol-biodiesel 
blends is 28.5 - 55.4%, 28.6 - 54.2% and 11.4 - 38.7%, respectively from low 
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to high engine load. However, for pentanol-diesel blends, the corresponding 
decreases are 10 - 17.4%, 14.2 - 23.4% and 13.7 - 31.6%, respectively.  
 
Figure 4.3 Effect of long-chain alcohols-diesel blends on emission factors 
of carbonaceous species (a) EC (elemental carbon), (b) OC (organic 
carbon), (c) WSOC (water-soluble organic carbon), and (d) DPM (diesel 










































































































































































































































































































































































































































































































































































































































































































































Figure 4.4 Effect of long-chain alcohols-biodiesel blends on emission 
factors of carbonaceous species (a) EC (elemental carbon), (b) OC 
(organic carbon), (c) WSOC (water-soluble organic carbon), and (d) DPM 
(diesel particulate matter), and the ratios of (e) OC/EC and (f) WSOC/OC 
In addition, for pentanol-biodiesel blends, the corresponding decreases are 




















































































































































































































































































































































































































































































































































































































































































































































































































that the addition of butanol to diesel fuel, or to biodiesel has higher potential 
to inhibit soot emissions than that of pentanol. A significant reduction in soot 
or smoke or DPM emission was previously reported for butanol-diesel blends 
(Chen et al., 2013; Choi et al., 2015; Doğan, 2011; Rakopoulos et al., 2010, 
2011; Yao et al., 2010) and pentanol-diesel blends (Wei et al., 2014), and for 
butanol-biodiesel (Kumar et al., 2013; Rakopoulos, 2013). The results from 
their studies together with those from this investigation reveal that both 
butanol and pentanol addition to diesel or to biodiesel are effective at reducing 
soot emissions, especially at high engine load with a high proportion of them 
in blended fuels. 
The variation of OC emissions, caused by the addition of long-chain 
alcohols to diesel or to biodiesel, is different from that of EC, which seems to 
be associated with the engine load, the type of alcohols used and the 
proportion of them in the blended fuels. At low engine load, for long-chain 
alcohols-diesel blends, only D80P20 leads to a 6.4% decrease in OC emission. 
At medium engine load, D80Bu20 and D80P20 show a 5.1% and 7.4% 
decrease in OC emissions, respectively. At high engine load, all the long-chain 
alcohols-diesel blends exhibit a significant decrease in OC emissions when 
compared to that of diesel fuel. Specifically, at high engine load, the OC 
emission factors decrease by 7.8%, 5.8%, 14.1% and 17.3% for D90Bu10, 
D90P10, D80Bu20, and D80P20, respectively. 
At low engine load, the OC emissions for biodiesel and for its blends 
with long-chain alcohols show no significant difference from that for the 
diesel fuel. At medium and high engine loads, the OC emission factor for 
biodiesel is slightly lower than that for diesel fuel. Meanwhile, when 
67 
 
compared to B100, the OC emission factors for B80Bu20 and B80P20 are 
further reduced by 8.0% and 6.9% at medium engine load, and by 4.7% and 
11.4% at high engine load, respectively. It is further observed that at high 
engine load, the OC emission factor for B90Bu10 is slightly lower than that 
for B90P10, while the OC emission factor for B80Bu20 is slightly higher than 
that for B80P20. In other cases, the addition of the same proportion of butanol 
and pentanol to biodiesel results in a similar emission level of OC. The 
combination of the decreased OC with the high reduction in the EC emissions 
might be responsible for the beneficial effects of the blended fuels in reducing 
DPM emissions at higher engine load with a higher proportion of butanol or 
pentanol in the blended fuels, as evident from Figures 4.3 (d) and 4.4(d), 
respectively. In addition, the dramatically reduced EC emissions coupled with 
the inconsistent variations of OC emissions for the long-chain alcohols-diesel 
blends led to the same proportion of butanol or pentanol in the blended fuels 
having the similar DPM emissions. 
The results indicate that the addition of long-chain alcohols to diesel 
fuel and to biodiesel is more effective in inhibiting EC emissions than OC 
emissions. The dramatically reduced EC emissions coupled with the minor 
variations of OC emissions for the addition of these alcohols to diesel and to 
biodiesel contributed to the increased OC/EC ratios for all tested conditions, as 
shown in Figures 4.3(e) and 4.4(e), respectively. For alcohols-diesel blends, 
D80Bu20 had higher OC/EC ratios than that of D80P20. Similarly, for 
alcohols-biodiesel blends, B80Bu20 had the highest OC/EC. The results 
indicate that a high proportion of adsorbed semi-volatile organics in the 
particulate matter is emitted from these blended fuels, especially from addition 
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of 20% butanol to diesel or to biodiesel. With regard to WSOC, as shown in 
Figures 4.3(c) and 4.4(c), it increases significantly for all blended fuels at all 
tested conditions, especially at high engine load. The higher WSOC emissions 
also lead to the higher WSOC/OC ratios for these fuels. The results indicate 
that the blended fuels tend to increase the water solubility of OC, suggesting 
increased emissions of polar organic compounds because of the increased 
oxygen contents in the blended fuels.  In addition, the addition of higher 
proportion of butanol to diesel fuel generally results in a higher WSOC 
emission factor, while there is no significant difference in WSOC emissions 
between addition of 10% and 20% pentanol to diesel fuel. The different 
variations result in higher WSOC emission factors and higher WSOC/OC 
ratios for D80Bu20 than those of D80P20 at all tested engine loads. 
EC results from fuel droplet pyrolysis in the fuel-rich zone under high 
pressure and temperature (Liu et al., 2005; Shah et al., 2004). Therefore, the 
increase in EC emissions with engine load is consistent with the higher fuel 
usage, lower air-fuel ratio, and higher pressure and temperature at higher 
engine loads (Liu et al., 2005; Shah et al., 2004). Both butanol and pentanol 
used in this study are oxygenated with no aromatic compounds. The oxygen in 
the fuel could be effectively delivered to the pyrolysis zone of the burning 
diesel or biodiesel spray to suppress soot formation, leading to a reduction in 
EC emissions. Meanwhile, the absence of aromatics in butanol and pentanol 
could reduce the soot precursors in the engine combustion process and 
therefore led to lower EC formation and emissions from those butanol-diesel 
and pentanol-diesel blends. The lower EC emissions contributed to the lower 
DPM emissions. Furthermore, as found in previous studies, the addition of 
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both butanol and pentanol to diesel fuel or to biodiesel could lead to an 
increase in ignition delay and the premixed combustion phase due to the low 
cetane number of them (Chen et al., 2013; Rakopoulos, 2013; Rakopoulos et 
al., 2011; Wei et al., 2014). This could be considered as one of the reasons that 
caused the lower EC emissions from the addition of both butanol and pentanol 
to diesel fuel or to biodiesel. In addition, as explained by Yoshimoto and 
Onodera (2002), the improved fuel atomization and evaporation in the 
cylinder, associated with the addition of alcohols to biodiesel, might also 
contribute to lower EC and DPM emissions for these long-chain alcohols-
biodiesel blends. In this study, with the same proportion of alcohol in the 
blended fuels, it appears that the higher oxygen content and the lower cetane 
number for butanol-diesel and butanol-biodiesel blends are more effective in 
reducing soot formation than that for pentanol-diesel and pentanol-biodiesel 
blends, and therefore led to lower EC emissions. 
There are several factors that can be used to explain the variation of 
OC emissions. On the one hand, the oxygen content of the butanol and 
pentanol might lead to lower OC emissions due to the enhanced combustion. 
Furthermore, the lower EC emissions for these fuels provided a small surface 
area for adsorption of the volatile substances that comprised the OC, resulting 
in lower OC emissions. On the other hand, the OC emissions could also be 
influenced by the physical properties of each fuel. For example, almost all of 
the previous studies found that butanol-diesel blends could lead to higher 
unburned HC emissions than reference diesel fuel (Chen et al., 2013; Choi et 
al., 2015; Doğan, 2011; Karabektas and Hosoz, 2009; Rakopoulos et al., 2010). 
Similar results were also concluded from a recent study by Rakopoulos et al. 
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(2013) and by Wei et al. (2014), while conducting their experiments with 
butanol-biodiesel blends and pentanol-diesel blends, respectively. This may be 
predominantly attributed to the combined effects of the lower cetane number 
and higher heat of evaporation of the blends, leading to the enlargement of 
lean flame-out zones where flame is unable to exist (Chen et al., 2013; Doğan, 
2011; Rakopoulos et al., 2010; Wei et al., 2014). The fuel properties for the 
blended fuels that caused the higher HC emissions may also contribute to the 
higher OC emissions. In this study, there is a marginal variation of OC 
emissions when the engine fuels with the blended fuels, indicating the fuel 
properties is one of the main factors that caused the variation of OC emissions. 
The disadvantage of these fuel properties could be attenuated with a higher 
engine load due to higher engine load associated with higher combustion 
temperature, leading to slight lower OC emissions from both blended fuels 
when compared to the baseline diesel fuel or biodiesel. 
4.3  Particle Number Emissions and Size Distributions 
The effects of addition of long-chain alcohols to diesel fuel and to 
biodiesel on the volatile particle number (PN) size distributions under different 
engine load are shown in Figures 4.5 (a) - (c) and 4.6(a)–(c), respectively. In 
order to analyze the variation of the number emissions of ultrafine particles 
and nanoparticles in detail, the volatile particles were further classified into 
four size fractions: <15, 15−50, 50−100, and >100 nm. The effects of long-
chain alcohols-diesel blends and long-chain alcohols-biodiesel blends on 
volatile particle number emission factors in each size fractions are shown in 




















































































































Figure 4.6 Effect of long-chain alcohols-biodiesel blends on particle 















































































































fuels on the number concentrations and surface area concentrations of the total 
solid particles are provided in Figures 4.9 and 4.10, respectively. The effects 
of these blended fuels on volatile particle geometric mean diameter (GMD) 
are provided in Tables 4.1 and 4.2, respectively. 
As can be seen in Figures 4.5 and 4.6, the variation of particle number 
size distributions, caused by the addition of long-chain alcohols to diesel and 
to biodiesel, seems to be associated with the proportion of butanol or pentanol 
in the blended fuels and engine load. At low engine load, the volatile particle 
number size distributions for all tested fuels are bimodal, showing clearly a 
distinctive nucleation mode with the peak diameters of 8-10 nm, and an 
accumulation mode with the peak diameters of 45-52 nm, respectively. The 
peak of accumulation mode particles for biodiesel is similar to that for diesel, 
with the peak shifting towards to smaller size. As shown in Figure 4.5(a), 
when compared to diesel fuel, the volatile accumulation mode particle size 
distribution profiles became flatter and there is a slight shift of the particles 
toward smaller size with an increase in butanol or pentanol in the blends. In 
contrast, a progressive increase in the proportion of butanol or pentanol in 
diesel fuel results in the size distribution of these nucleation mode particles 
being shifted upwards. The similar variations of particle size distribution are 
also observed when blending both butanol and pentanol with biodiesel as 
evident from Figure 4.6(a). The different variations of size distribution profiles 
between the accumulation mode and nucleation mode particles contributed to 
the different variations of particle counts in different sizes as well as GMD, as 
shown in Table 4.1 and Table 4.2, respectively. At medium and high engine 
loads, the particle size distribution shifted from a bimodal mode to a single 
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mode, towards larger size.  At these loads, the particle size distribution 
profiles in general became flatter with the addition of both butanol and 
pentanol to diesel or to biodiesel, with the peak shifting towards a smaller size, 
resulting in a decrease of total particle number emissions and GMD, as evident 
from Figures 4.7 and 4.8, and Tables 4.1 and 4.2, respectively. Moreover, with 
the same proportion of butanol or pentanol in the blended fuels, the butanol-
diesel and butanol-biodiesel blends show a lower peak of particle size 
distributions and therefore lower total particle counts than those of pentanol-
diesel blends and pentanol-biodiesel blends, respectively. 
Table 4.1 Effect of long-chain alcohols-diesel blends on geometric mean 
diameter (GMD, nm) of volatile particles 
 25% load 50% load 75% load 
D100 35.9 ± 1.3
 
56.0 ± 1.8 74.4 ± 2.7 
D90Bu10 32.0 ± 1.1
 
52.9 ± 1.5 69.8 ± 2.4 
D90P10 37.7 ± 1.0
 
53.2 ± 1.7 72.3 ± 2.3 
D80Bu20 23.1 ± 0.9
 
50.4 ± 1.6 65.5 ± 2.0 
D80P20 34.3 ± 0.8
 
51.3 ± 2.0 68.1 ± 2.2 
 
 
Table 4.2 Effect of long-chain alcohols-biodiesel blends on geometric 
mean diameter (GMD, nm) of volatile particles 
 25% load 50% load 75% load 
D100 35.9 ± 1.3 56.0 ± 1.8 74.4 ± 2.7 
B100 29.9 ± 1.0  46.2 ± 1.6 59.3 ± 1.8 
B90Bu10 21.2 ± 1.6  44.6 ± 1.7 57.4 ± 1.5 
B90P10 22.3 ± 1.4  44.6 ± 0.8 58.3 ± 1.6 
B80Bu20 17.7 ± 0.6  43.4 ± 1.5 54.3 ± 1.9 
B80P20 19.4 ± 0.8 43.9 ± 0.7 54.6 ± 2.3 
 
As can be seen in Figures 4.7 and 4.8, the particles of larger than 50 
nm increase while particles of less than 50 nm decrease with the engine load 
for all the fuels used in this study. These variations also caused an increase in 
the GMD with the engine load as shown in Table 4.1 and Table 4.2, 
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respectively. As shown in Figure 4.7, for each engine load, the total volatile 
particle number emission factors are significantly reduced with an increase in 
both butanol and pentanol in the blended fuels, with butanol-diesel blends 
having a higher total particle number emission reduction than that of pentanol-








































































































































Figure 4.7 Effect of long-chain alcohols-diesel blends on size-segregated 
volatile particle number emissions 
particle number emission factors at addition of different proportions of butanol 
to diesel fuel are 20.6 - 29.6%, 21.1 - 36.7% and 18.4 - 35.1%, respectively 
from low to high engine load.  As for pentanol-diesel blends, the 
corresponding decreases are 15.7 - 26.2%, 13.9 - 28.9% and 11.9 - 25.4%, 
respectively. These findings reveal that butanol has higher potential to reduce 
particle counts than that of pentanol. Moreover, the reduction of total particle 
number emissions with the addition of both butanol and pentanol to diesel fuel 
is a result of a significant reduction in the number of particles larger than 50 
nm, especially at medium and high engine loads. The reductions in large 
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diameter particles are responsible for the decrease in particulate mass, as 
shown in Figures 4.3 and 4.4, as they are more influential on particulate mass. 
However, the blended fuels show only a slight reduction in or no significant 
change in particles of less than 50 nm. In addition, at low engine load, both 
D80Bu20 and D80P20 significantly increase the particles of less than 15 nm. 
The combination of the dramatic reduction of larger size particles with the 
minor change in smaller size particles also results in the GMD generally 
decreasing with an increase of the butanol or pentanol in the blended fuels. 
Compared to pentanol-diesel blends, the butanol-diesel blends lead to a higher 
reduction in the larger particles and therefore result in a lower GDM.  The 
dramatic decreased GMD, together with the enhanced emission of those 
particles below 15 nm for D80Bu20 at low engine load, may change the diesel 
particle dynamics in ambient air and should be carefully considered. 
As can been seen in Figure 4.8, the effect of blending butanol or 
pentanol with  biodiesel on size-segregated volatile particle number emissions 
seems to be different from that of blending with  diesel fuel. At low engine 
load, the blending of both butanol and pentanol with biodiesel led to an 
increase in the counts of nucleation particles, but a decrease in these larger 
particles. Moreover, with the addition of the same proportion of long-chain 
alcohols to biodiesel, the butanol-biodiesel blends show a larger increase in 
these nucleation mode particles and a smaller decrease in the accumulation 
mode particles than those of pentanol-biodiesel blends. Specifically, when 
compared to biodiesel, the emission factor of particles of  less than 15 nm 
increase by 23.6%, 6.5%, 10.9% and 5.9% for B90Bu10, B90P10, B80Bu20 
and B80P20, respectively.  However, for particles of larger than 15 nm, the 
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corresponding decrease is 7.1%, 18.9%, 17.9% and 24.6%, respectively. The 
combination of the reduced larger particles with the increased smaller particles 
results in the total counts of particles for B90P10 decreases by 11.4%, while 
for B80Bu20, it increases by 19.6%, when compared to that for biodiesel. As 




















































































































































Figure 4.8 Effect of long-chain alcohols-biodiesel blends on size-
segregated volatile particle number emissions 
counts show no significant difference from that of biodiesel. At medium and 
high engine loads, the particle number emission factors for blended fuels are 
less than those of biodiesel.  In addition, B90Bu10 shows lower total particle 
counts than those of B90P10. When compared to B90Bu10, B80Bu20 
increases the total particle counts again, which results in having higher total 
particle counts than those of B80P20. It can be further observed from Figure 
4.8 that compared to diesel fuel, the lower emissions of the total particle 
counts for both biodiesel and the blended fuels are mainly caused by the 
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reduction of the particles of larger than 50 nm, but the particles of less than 50 
nm are increased.  The finding is similar with the results obtained from the 
long-chain alcohols-diesel blends as described in the previous paragraph. 
Moreover, compared to B100, except that a slight increase in particles of less 
than 50 nm is found for B80Bu20 at medium and high engine loads, and for 
B80P20 at high engine load, other blended fuels show no significant changes 
in particles of less than 50 nm, but only decrease the emission of larger 
particles. The results indicate that the reduction of total particle number 
emissions as well as the GMD associated with both butanol and pentanol 
addition to diesel or biodiesel is a result of a significant reduction in the 
number of larger particles. 
The formation of DPM occurs in two stages. First, soot or solid 
particles are produced in the engine combustion chamber by processes that 
include nucleation, surface growth, and agglomeration (Chang, 1997; 
Heywood, 1988).  Second, during the cooling process in the exhaust pipe and 
subsequent dilution when the exhaust gas was mixed ambient air in the dilutor, 
the SOF nucleates to form new particles, or adsorbs onto or absorbs into 
existing particles (Chang, 1997; Heywood, 1988; Schneider et al., 2005). 
Therefore, the factors that affect the engine combustion process determine the 
soot particle emissions, while the states of the dilution and cooling processes 
affect the relative amounts of volatile substances that adsorb or condense onto 
existing particles and nucleate to form new particles. To explore how the 
blended fuels affects the particle formation process, in this study, a 
thermodenuder (TD) was used to remove volatile particles and/or volatile 
substances attached onto particles. We further investigated the variation of 
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number and surface area concentrations of solid particles caused by the 
blended fuels, with the results provided in Figures 4.9 and 4.10. As can be 
seen in Figures 4.9 and 4.10, the solid particle number and surface area 
concentrations increase with the engine load for all the fuels used in this study. 






































































































































































Figure 4.9 Effect of long-chain alcohols-diesel blends on solid particle 
number (PN) and particle surface area (PSA) concentrations 
relative low solid particle counts may have caused an extensive nucleation of 
the SOF to form a very large nuclei mode and therefore an obvious peak of 
nucleation mode particles. With an increase in the engine load, more fuel is 
combusted in the diffusion phase, resulting in more particles being formed. At 
a higher particle number concentration, the coagulation rate of the particles is 
also higher, which probably leads to an increase in the GMD of the particles. 
Compared to diesel fuel, it is possible that the higher viscosity and the higher 
boiling point of biodiesel, which lead to the variations of the fuel injection 
pressure of the mechanical fuel injection system and atomization 
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characteristics (Tsolakis, 2006; Zhu et al., 2010a, 2010b), result in the 



















































































































































































Figure 4.10 Effect of long-chain alcohols-biodiesel blends on solid particle 
number (PN) and particle surface area (PSA) concentrations 
After adding butanol or pentanol to diesel fuel or biodiesel, the reduced 
carbon content coupled with an increase in the oxygen content, the increased 
premixed combustion and reduced diffusion combustion, and the improved 
fuel properties may lead to better combustion and therefore contribute to the 
reduction of total solid particle counts and particle surface area. This finding, 
therefore, confirms that less soot particles are generated in the cylinder from 
these blended fuels and therefore led to lower volatile particle number 
emissions from medium and high engine loads. The reduced solid particle 
counts could also lead to lower surface for adsorption volatile substances. 
However, in this study, we find that the OC fraction for the blended fuels is 
higher than that of baseline diesel fuel or biodiesel. This confirms that higher 
unburned HC concentrations enhance their attachment to solid particles and 
therefore higher OC fraction, as explained in the previous section.  Moreover, 
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at low engine load, compared to diesel fuel or biodiesel, the decreased surface 
area of solid particles, the increased condensation of volatile and semi-volatile 
species from the blended fuels, promotes the formation of nanoparticles by 
homogenous nucleation, resulting in a higher nucleation particle counts as 
evident from Figures 4.7 and 4.8, respectively. The observations suggested 
that the formation of some new particles from volatile species after the 
dilution and cooling processes is a contributor to the increase in total particle 
counts, for addition of long-chain alcohols to both diesel and biodiesel. The 
presence of nanoparticles containing volatile species has implications for 
DPM health effects, as inflammation and oxidative stress (precursors to some 
cardiovascular and respiratory diseases) are driven by the presence of organic 
compounds (Surawski et al., 2011a). 
4.4  Conclusions 
The following major conclusions are drawn from the study discussed 
in this chapter. 
(1) The use of butanol-diesel and pentanol-diesel blends with up to 20% 
by volume of them in the blended fuels does not require significant 
modification of existing diesel engines due to the marginal changes in engine 
performance, with pentanol-diesel blends presenting a slightly lower BSFC 
and a slightly higher BTE than that of butanol-diesel blends. 
(2) Compared to biodiesel, butanol-biodiesel blends show a marginal 
change in the BTE, but a slight increase in the BSFC at low and medium 
engine loads. Pentanol-biodiesel blends result in an improvement in the BTE 
and a marginal change in the BSFC. 
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(3) Both the addition of butanol and pentanol to diesel or biodiesel can 
effectively reduce the EC, with butanol being more effective than pentanol. 
(4) Both the addition of butanol and pentanol to diesel or biodiesel 
show a slight decrease in OC emissions, but a higher WSOC emissions are 
observed together with higher OC/EC and WSOC/OC ratios compared to 
diesel fuel or biodiesel. 
(5) Both the addition of butanol and pentanol to diesel or biodiesel can 
effectively reduce the total counts of volatile particle emissions at medium and 
high engine loads.  The reduction of the total particle counts is mainly caused 
by the reduction of solid particle emission in the cylinder, and exhibits a major 
reduction of particles larger than 50 nm.  However, for the both blended fuels, 
there is a significant increase in the emission of particles with diameter less 
than 15 nm at low engine load, which in turn led to the increase in the total 
particle counts for 20% butanol and 20% pentanol blended in diesel fuel, and 
for all butanol-biodiesel blends. 
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Chapter 5  A Comparative Evaluation of the Influence 
of Diesel-oxygenate Blends on Diesel Engine 
Particulate Characteristics 
5.1  Introduction 
The goal of the study discussed in this chapter is to characterize and to 
make a comparative evaluation of the effects of blending five kinds of typical 
oxygenates (DGM, PME, DMC, DEA, and Bu) with ULSD at 2% and 4% 
oxygen levels on physicochemical and toxicological characteristics of 
particulate emissions from the non-road diesel engine. The influence of 
oxygen content in the blends, the specific types of oxygenates, and the engine 
operation parameters on carbonaceous particulate composition, particle 
number and size distributions were firstly investigated. The particles emitted 
from 50% engine load were then further examined in terms of their volatility 
and oxidation behavior and soot nanostructure, and the emission factors of 
WSOC, WISOC and specific classes of organic compounds (n-alkanes and 
PAHs). Finally, cytotoxicity of particles emitted from these blended fuel at 50% 
engine load was investigated using MTT assay to study the relationship 
between chemical composition of DPM and their impact on the toxicity of 
particulates. 
The current work is among the studies of their kind to fully evaluate 
and compare the potential impacts of blending different oxygenates with diesel 
fuel on the physical, chemical and toxicological properties of the particulates 
emitted from a non-road diesel engine. The key motivation is to assess if these 
oxygenates help in reducing both health and environmental impacts, or 
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otherwise. The outcome of the study may offer insights into the effect of 
oxygenated fuel blends on diesel particulate emissions, and prove to be useful 
for controlling and regulating DPM emissions from non-road diesel engines. 
5.2  Engine Performance 
The percentage changes in the BSFC and the BTE, caused by blended 
fuels compared to that of the diesel fuel, are shown in Figure 5.1. The BSFC 
generally increases with an increase in oxygen content in the blends, which is 
consistent with the reduction of the LHV of the fuel with addition of the 
oxygenates. Meanwhile, for all test conditions, the addition of oxygenates 
show an increase in BTE due to the improvement of the combustion process 
caused by oxygen enrichment. As shown in Table 3.3, compared to ULSD, the 
LHV from PME-ULSD blends is only slightly reduced. Therefore, a minor 
reduction in the LHV combined with the improved BTE from PME-ULSD 
blends results in a moderate increase in the BSFC only with 4% oxygen 
addition; for 2% oxygen addition there is either no change or a minor decrease. 
However, for DGM, DMC, DEA and Bu, the improved BTE combined with 
somewhat higher reduction in the LHV with their addition to ULSD led to 
higher BSFC with an increase in the oxygen content in the blended fuels. 
Overall, variations in BSFC among the blended fuels were less than 5% 
because the addition of the oxygenates did not change the LHV of ULSD 
significantly, as shown in Table 3.3. Ren et al. (2008) investigated the 
combustion and emissions of a direct injection diesel engine fuelled with 
oxygenated fuel blends, including DGM, DMC and DEA investigated in this 
study. Their results showed a slight increase in both BSFC and BTE with an 




Figure 5.1 Effect of oxygenated fuel blends on the percentage change in 

































































































































































































































































and BTE with oxygenated fuel blends was also reported by Cheung et al. 
(2011), Di et al. (2010), Doğan (2011), Lin et al. (2006) and Zhu et al. (2011), 
while  using diesel blended with different fractions of PME, DGM, DMC and 
DEA, and Bu, respectively.  As proposed by Ren et al. (2008) and 
subsequently confirmed by Cheung et al. (2011) and Zhu et al. (2011), the 
effective release of heat with the oxygenated fuel blends  contributes to the 
increase in BTE. Moreover, the long ignition delay caused by  DMC, DEA 
and Bu addition results in improved combustion of fuels in the premixed mode 
and thus in the enhancement of the BTE (Cheung et al., 2011; Doğan, 2011; 
Zhu et al., 2011). However, the higher latent heat of evaporation of DMC, 
DEA and Bu could lower the combustion temperature with reduction of the 
BTE, especially at lower engine load with lower in-cylinder combustion 
temperature. The different characteristics of fuels combined with their unique 
combustion properties led to variations of the BTE of the blended fuels with 
no systematic trends in this study. Overall, the results on engine performance 
indicate that the use of these oxygenated fuel blends does not require 
significant modification of existing diesel engines. However, minor variations 
in the fuel delivery system may be needed due to the unique fuel properties of 
oxygenates, including that of changing the materials of polymers parts and 
enhancing wear resistance of moving and rotating parts. 
5.3  DPM and Carbonaceous Matter Emissions 
In this study, the particulate mass emission factors, and carbonaceous 
matter in particles, including EC and OC were determined, based on which 
other non-carbonaceous substances (such as sulfates, nitrates, metals and ash; 
others = DPM – OC – EC) and EC/OC ratios were calculated. The variations 
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of the chemical components with fuel type and engine load are shown in 
Figures 5.2 and 5.3, respectively. Particulates emitted from 50% engine load 
were then chosen to further examine the changes in the emission factors of 
WSOC and WISOC in OC fraction. The WSOC emission factors and 
WSOC/OC ratios are provided in Figure 5.4. 
As shown in Figure 5.2, in general, the EC emission factors increase 
while the OC emission factors decrease with an increase in engine load for 
each fuel. The reduced OC combined with the increased EC emissions result 
in the increased EC/OC ratios with the engine load as show in Figure 5.3. The 
addition of oxygenates shows no significant change in these emissions at the 
low engine load. However, at medium and high engine loads, the reduction of 
these emissions became significant (P<0.05) with the higher oxygen content in 
the blends resulting in the lower emissions of OC, EC and DPM.  In terms of 
an average reduction of DPM across all test conditions, Bu is most effective, 
with an average reduction of 10.9% and 19.4%, corresponding to 2% and 4% 
oxygen addition, followed by DEA at 9.4% and 18.2%, DMC at 7.8% and 
15.4%, and PME at 6.6% and 13.5%. DGM is least effective across all three 
test conditions, with an average reduction of 3.9% and 8.6% with 2% and 4% 
oxygen contents, respectively.  A similar effect of oxygenated fuel blends on 
the EC emissions is also observed in this study. Specifically, the 
corresponding reduction in EC emissions is 37.3% and 56.3% for Bu, 29.5% 
and 44.9% for DEA, 30.3% and 44.8% for DMC, 19.1% and 29.7% for PME, 
and 2.6% and 6.1% for DGM. However, this study shows a modest change in 
OC emissions between different blended fuels. The OC emission reduction is 





Figure 5.2 Effect of oxygenated fuel blends on DPM (DPM = EC + OC 


















































































































































































































































































































































































































Figure 5.4 Effect of oxygenated fuel blends on WSOC emissions and 
WSOC/OC ratios 
respectively. Therefore, the difference in DPM emission reduction can be 
caused predominantly by the difference in EC emission reduction. Moreover, 
as shown in Figure 5.4, the different changes in EC emissions coupled with 
the modest reduction in OC emissions may contribute to the variation of 
EC/OC ratios with different blended fuels. For each engine load, DGM shows 
no significant changes in EC/OC ratios, whereas other kinds of oxygenated 
fuel blends show lower EC/OC ratios, indicating the higher proportion of 
adsorbed semi-volatile organics in the particulate matter. In this study, all 









































































































































Figure 5.4, although there is no clear trend with an increase in the oxygen 
content in the blends. Meanwhile, the slightly increased WSOC/OC ratios 
associated with oxygenated fuel blends indicates that the blended fuels tend to 
increase the OC solubility, suggesting increased emissions of polar organic 
compounds because of the oxygen contents in the blended fuels. 
Many researchers have reported that the fuel oxygen content is one of 
the key factors affecting EC (soot) and DPM emissions. For example, a 
numerical study by Cheng et al. (2002) provided a broad explanation on the 
relationship between the oxygenates and the soot (EC) formation as follows. 
First, compared with diesel, the pyrolysis and decomposition of oxygenates 
could reduce the soot precursors. Second, the increase in free radical 
concentrations (e.g. O, OH, etc. produced by oxygenates) promotes the carbon 
oxidation to CO and CO2 within the premixed flame zone, thus limiting the 
carbon available for the formation of soot precursor species. Last, the high 
radical concentrations serve to limit aromatic ring growth and soot particle 
inception. Moreover, Cheung et al. (2009) indicated that oxygenated additives 
could inhibit the in-cylinder EC production by both disrupting the carbon 
chain development and promoting oxidation. The results obtained in this study 
support these findings reported by Cheng et al. (2002) and Cheung et al. 
(2009).  Specifically, the higher oxygen content in the blends not only leads to 
the lower concentration of soot precursors, but also reduces the potential 
functions of these soot precursors to form soot. Thus, the higher oxygen 
content in the blends results in the lower EC and DPM emissions. In addition, 
the diluted aromatics and sulfur concentrations resulting from the addition of 
oxygenates can also contribute to the lower soot and DPM emissions (Gill et 
92 
 
al., 2012; Salvi et al., 2012; Wang et al., 2009). In this study, both the 
aromatic and sulfur contents in the baseline fuel are quite low as evident from 
Table 3.2, so only a marginal decrease in them is observed with the use of 
oxygenated fuel blends. Therefore, changes in aromatics and sulfur contents 
are not likely to be a major factor in the reduction of DPM emissions for the 
present study.  
The results from this study also suggest that with the same oxygen 
content in the blended fuels, the alcohol group of Bu appears to be more 
effective than the ester group of PME, DMC and DEA, which is in turn better 
than the ether group of DGM in reducing EC and DPM emissions. This trend 
with the alcohol functional group being more effective in inhibiting soot 
formation than that of ether and ester groups is consistent with the previous 
observations reported by Pepiot-Desjardins et al. (2008), Wang et al. (2009) 
and Wang et al. (2012). However, Mueller et al. (2003) and Westbrook et al. 
(2006) concluded that the ether structure was more effective in reducing the 
formation of soot precursors than the ester structure. As explained by 
Buchholz et al. (2004) and Westbrook et al. (2006), the two oxygen atoms in 
esters are linked to the same carbon atom and are more likely to form CO2, 
which means that not every O atom in these compounds is able to eliminate a 
carbon atom from the soot precursor pool, resulting in a higher fraction of the 
remaining carbon atoms available to produce soot.  This ester decomposition 
mechanism was also proposed by Szybist et al. (2007) while discussing the 
outcome of their combustion experiments with diesel engines. However, the 
experimental data of this study does not support this theory based on the fact 
that DGM appeared to be less effective at reducing soot and DPM than all 
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tested ester group oxygenates. Moreover, both DMC and DEA are 
considerably more effective than PME, although they belong to the same 
functional group of ester. These findings reveal that apart from the oxygen 
content of the blends, the functional group of oxygenates, the extent of EC and 
DPM emissions reductions is also affected by the other fuel properties and 
engine types. 
An important finding of this study is that under the same oxygen 
content in the blended fuels, there is a high correlation between cetane number 
of blended fuels and the concentrations of EC emissions, and between cetane 
number and EC/OC ratios, as shown in Table 5.1. This finding implies that 
under the same oxygen content in the blended fuels, the oxygenates with the 
lower cetane number would lead to lower EC emissions, but  higher OC 
fractions in particles.  For diesel engines, it is known that the fuel burned in 
the diffusion mode is much related to EC (soot) emission (Gill et al., 2012; 
Zhang Z.H et al., 2013). Variations of fuel cetane numbers would have a direct 
impact on ignition delay and the ratio between premixed and diffusion 
combustion, and therefore leading to a change in EC emissions.  Specifically, 
oxygenated fuel blends with a low cetane number lead to an increase in 
ignition delay together with an increase in the amount of fuel burned in the 
premixed combustion phase, which also reduces the amount of blended fuels 
burned in the diffusion mode and hence further reduces the amount of soot 
formed. Boot et al. (2007) and Wang et al. (2009) reported that the use of a 
cetane booster had a negative influence on the soot emissions because of a 
reduced non-sooting premixed burn duration brought about by the shorter 
ignition delay. Zhang Z.H et al. (2013) investigated the relationship between  
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Table 5.1 Statistical correlation between cetane number (CN) and EC or 
EC/OC ratios  
 
particulate mass emission and premixed combustion ratios under different 
engine operating conditions. Their results revealed that there is a decrease of 
particulate mass concentration with increase of the premixed to diffusion 
combustion ratio for each engine load. Our previous results and the results 
from the current study indicate that the lower cetane number has a positive 
effect on EC emission reduction. Moreover, as explained by Gill et al. (2012), 
although the ether should in theory be more effective than the ester, the effect 
of a higher cetane number may result in an overall diminished benefit. 
Therefore, DGM appeared to be less effective at reducing EC and DPM than 
all tested ester group oxygenates used in this study. Similarly, PME has a 
higher cetane number than that of other kinds of ester group oxygenates, such 
as DMC and DEA, and is thus less effective in EC and PM emission reduction. 
Cheung et al. (2011), Ren et al. (2008) and Zhu et al. (2011) also found the 
increased ignition delay combined with the increase in premixed combustion 
promoted the PM emission reduction from both diesel-DMC blends and 
diesel-DEA, respectively. 



















 0.798 0.880 0.891 0.902 0.806 0.855 
P-value 0.041 0.018 0.016 0.013 0.039 0.024 
Regression 
slope 
0.145 0.112 0.516 0.373 0.825 0.686 







 0.789 0.880 0.876 0.886 0.703 0.732 
P-value 0.044 0.018 0.019 0.017 0.087 0.065 
Regression 
slope 
0.007 0.005 0.016 0.012 0.013 0.014 
y-intercept -0.253 -0.192 -0.558 -0.395 -0.014 -0.098 
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There are several factors that can be used to explain the variation of 
OC emissions and the relationship between cetane number and EC/OC ratios. 
On the one hand, the oxygen content in the blended fuels might lead to lower 
OC emissions due to the enhanced combustion. Furthermore, the lower EC 
emissions for oxygenated fuel blends provided a small surface area for 
adsorption of the volatile substances that comprised the OC, resulting in lower 
OC emissions. One the other hand, the lower cetane number of blended fuels 
would mean that they have a lower auto-ignition ability and leads to higher 
HC emissions and thus the higher OC emissions (Wang et al., 2009). In this 
study, it is possible that the decreased ignitability and flammability, caused by 
the lower cetane number of oxygenates, are mainly responsible for lower 
EC/OC ratios that resulted from DMC, DEA and Bu addition.  It should be 
emphasized that apart from the oxygen content in blended fuels and their 
cetane numbers, the other physical properties of each fuel could also influence 
the OC emissions. For example, Bagley et al. (1998) and Knothe et al. (2005) 
concluded that fuels with the higher boiling point, higher viscosity and higher 
density could lead to a poor air/fuel mixture and incomplete combustion, and 
thus higher OC emissions. The oxygenates investigated in this study enhance 
one or more of these adverse factors, leading to the lower EC/OC ratios. 
The results from this study also reveal that the addition of oxygenates 
is more beneficial at higher engine load conditions. At low engine load, DPM 
emissions are not significantly reduced with oxygenates addition. Two factors 
likely contributed to this observation. The first factor is that less fuel is 
injected at low engine load and therefore less fuel is burned during the mixing-
controlled phase of combustion. Since soot formation occurs primarily during 
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this mixing-controlled combustion phase, the effect of these oxygenates on 
DPM emission would be less pronounced at this engine load. The second 
factor is that the overall (absolute) level of soot at low engine load is small. 
The oxygenated blends produced higher HC emissions, and the contribution to 
the DPM mass from adsorbed or condensed HCs may have masked a small 
reduction in DPM mass. 
5.4  Particle-phase PAHs and N-alkanes 
As shown in Figure 5.5(a), regardless of the tested fuels, particle-phase 
PAHs are dominated by MMW-PAHs, followed by LMW-PAHs and then 
HMW-PAHs having the lowest emission factors. Compared to the diesel fuel, 
there is no clear variation of PAHs emissions with the DGM content in the 
blended fuels. The total particle-phase PAHs emission factor for DGM2 
increases by 29.5%, while it shows no significant variation for DGM4. For 
other kinds of blended fuels, the total particle-phase PAHs emission factors 
generally increases with an increase in the oxygen content in the blends. DMC 
had the highest increase by 27.1% and 46.3%, corresponding to 2% and 4% 
oxygen contents, followed by the PME with 11.5% and 31.1%, DEA with 8.0% 
and 16.1%, and Bu with -3.5% and 10.2% variations, respectively. Moreover, 
for DMC, DEA and Bu addition, the percentage increase in both LMW-PAHs 
and HMW-PAHs is higher than that of MMW-PAHs. However, the increase 
in total PAHs emission with PME addition is caused predominantly by the 
higher emissions of LMW-PAHs. The variations in emissions among different 
groups of PAHs for different blended fuels result in the variation of the total 
BaPeq, which does not seem to be fully consistent with the variation of PAHs 
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emission factors as shown in Figure 5.5(a). With the exception of PME, the 
use of other kinds of oxygenates seems to result in the higher total BaPeq. 
 
Figure 5.5 (a) Effect of oxygenated fuel blends on particle-phase PAHs 
emissions and its total BaPeq (Benzo[a]pyrene equivalent), and (b) on 
particle-phase n-alkanes emissions 
Previous studies demonstrated that there are two sources which are 
associated with emissions of PAHs  in diesel engines, namely, direct 
emissions of  PAHs originally present in the fuel or lubricating oil, and 
combustion reactions in which PAHs are formed through pyrosynthesis of the 
fuel fragments (Ballesteros et al., 2010). Moreover, these PAHs are initially in 
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the exhaust gas cools (Ballesteros et al., 2010). Therefore, the factors that 
affect the fuel composition, combustion process, exhaust temperature as well 
as surface area for adsorption of PAHs compounds may lead to the variations 
of the particle-phase PAHs emissions. On the one hand, the addition of 
oxygenates to the diesel fuel could directly reduce the PAH contents in fuels 
and inhibit their emissions. On the other hand, the oxygen contents in blended 
fuels could improve the combustion and lead to lower PAH emissions. 
However, the change in thermo-physical properties, caused by the addition of 
oxygenates, tends to affect the combustion process and thus the formation of 
PAHs. In addition, different blended fuels may lead to different changes in the 
exhaust temperature and the total particle counts as shown in section 5.5, 
which affect the PAHs partitioning between the gas and particle phase when 
cooling in the exhaust pipe, especially for these LMW-PAHs. The findings 
indicate that the adverse factors overcome the favorable factors, leading to the 
higher particle-phase PAHs emissions. 
Figure 5.5(b) shows that for each fuel, the distribution of n-alkanes 
emission factors represents a similar bell-shaped curve with C21 as the most 
abundant, which is consistent with the findings from a previous study with a 
maximum concentration ranging from C20 to C22 (Schauer et al., 1999). The 
n-alkanes emission factors for DEA, Bu and DGM2 blends increase, while 
they are reduced for PME and DMC blends. It is likely that the higher heat of 
vaporization associated with DGM, DEA and Bu addition, as well as the 
vitiation of ignition delay caused by the high or low cetane number of these 
oxygenates could probably lead to lower in-cylinder combustion temperature, 
poorer air/fuel mixture and shorter combustion duration, resulting in higher n-
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alkanes emissions.  Moreover, the relative increase in C19-C24 is much higher 
than that of both C16-C18 and C25-C26. As for PME and DMC addition, the 
relative decrease in C19-C24 is much higher than that of other n-alkanes. This 
can be explained on the basis that the heavier n-alkanes such as C25 and C26 
probably originated from lubricating oil (Schauer et al., 1999), and therefore 
the emission factors of these species are expected to show little variation. 
While the shorter-chain n-alkanes such as C14-C18 are more likely to undergo 
complete combustion than that the heavier ones, they are only slightly affected 
by different blended fuels.  
5.5  Particle Number Concentrations and Size Distributions 
In this study, the particle number size distribution in the size range of 
5.6-560 nm was studied, with the results shown in Figure 5.6. In order to 
analyze the variation of UFPs (ultrafine particles) and NPs (nanoparticles) in 
detail, the particles with diameter were further classified into four groups: 
particles with diameter <20, 20-50, 50-100, and >100 nm. The effect of the 
blended fuels on particle number concentrations in each group is shown in 
Figure 5.7. As can be seen from Figure 5.6(a)-(c), the size of particle 
emissions was mostly below 100 nm. At low engine load, the particle size 
distributions are bimodal, showing clearly a distinctive nucleation mode with 
the peak diameters of 8-10 nm, and an accumulation mode with the peak 
diameters of 45-52 nm, respectively. With the increased engine load, the 
relative intensity of the nucleation mode decreases while that of the 
accumulation mode increases, resulting in a shift of the particle size 
distribution from bimodal to single mode. Furthermore, with an increase in 



















































































































































































































































































































































































































































upwards and towards larger size, which may be responsible for an increase in 
total particle number concentrations and geometric mean diameter (GMD), as 
shown in Figure 5.7. Characteristics of the particle size distributions and their 
dependence on operating conditions of the engine observed in this study are 
similar to those previously reported (Sakurai et al., 2003; Vaaraslahti et al., 
2004). For each engine load condition, the size distribution curves shifted 
upwards after the addition of DGM and PME in the baseline fuel, indicating 
an increase in the total particle concentration as shown in Figure 5.7. In 
contrast, the particle size distribution profiles in general became flatter, with 
the peak shifting slightly towards smaller size with an increase in DMC, DEA 
and Bu in the blends, indicating a decrease of the total particle number 
concentrations and GMD, as shown in Figure 5.7.  However, addition of DMC, 
DEA and Bu to the baseline fuel caused an obvious increase in particles with 
the diameter less than 20 nm at low engine load.  
As can be seen in Figure 5.7, the particles of less than 20 nm decrease 
while the particles of larger than 20 nm increase, which lead to an increase in 
the total particles counts with the engine load for all the fuels used in this 
study.  These variations also caused an increase in GMD with engine load, as 
shown in Figure 5.7.  For each engine load, the total particle number 
concentration with the addition of DGM and PME is larger than that of the 
diesel fuel, which is in line with the findings from a previous study reported 
by Di et al. (2010) and Zhu et al. (2010a, 2010b), respectively. However, with 
DMC, DEA and Bu addition, the total number concentration and the GMD of 
the particles are reduced considerably. Compared to the diesel fuel, the 
average reduction of the total particle number concentrations on different 
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engine loads is 7.9% and 3.4%, 13.6% and 23.9% , 25.1% and 36.1%  for 
DMC, DEA and Bu with 2% and 4% oxygen in the blended fuels, respectively. 
The corresponding percentage increase of total particle number emissions is 
6.4% and 18.3%, and 19.0% and 34.8% for addition of DGM and PME, 
respectively. Moreover, the reduction of total particle number emissions with 
the addition of DMC, DEA and Bu is a result of a significant reduction in the 
number of particles larger than 20 nm, especially at medium and high engine 
loads. The reductions in large diameter particles are responsible for the 
decrease in particulate mass, as shown in Figure 5.2, as they are more 
influential on mass. As suggested by Cheung et al. (2011), Sukjit et al. (2013) 
and Zhu et al. (2011) the reduced carbon content coupled with an increase in 
oxygen content, the increased premixed combustion and reduced diffusion 
combustion with DMC, DEA and Bu addition, may contribute to the reduction 
of the number of soot emitted and hence the total particle number 
concentration.  The reduction in particle number concentration may also 
reduce the occurrence of coagulation and agglomeration of the particles, 
leading to a reduction in the GMD.  In contrast, the higher cetane number of 
DGM and PME may result in less fuel burned in the premixed mode and thus 
more particle formation and emissions. In addition, the higher viscosity and 
the higher boiling point of biodiesel would lead to the variations of the fuel 
injection pressure of the mechanical fuel injection system used in this study 
(Tsolakis, 2006; Zhu et al., 2010a, 2010b), and atomization characteristics, 
which would also lead to higher counts of particle number emissions. 
The emission of small nanoparticles (<20 nm) shows very different 
trends compared to those of larger particles. At low engine load, DGM and 
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PME addition show a slight decrease in particles of less than 20 nm, while 
DMC, DEA and Bu addition show an increase in these particles. At medium 
and high engine loads, these oxygenated fuel blends show only a slight or no 
significant change in particles of less than 20 nm. The results indicate that the 
reduction of total particle number concentration as well as the GMD 
associated with DMC, DEA and Bu addition is a result of a significant 
reduction in the number of larger particles. These findings are in line with 
those of Kittelson et al. (2006), Schneider et al. (2005) and Sukjit et al. (2013) 
who suggested that the SOF in the particles may be transferred from the gas 
phase to the particle phase by two paths: nucleation to form new particles, or 
adsorption onto or absorption into existing particles. If the number of 
accumulation mode particles is extremely reduced, there would not be 
sufficient surfaces available for volatiles adsorption, and the high 
concentration of gaseous volatiles would lead to the formation of a nuclei 
mode. Thus, the increase in the nanoparticles range for the DMC, DEA and Bu 
addition can be caused by a decrease in large particle emissions produced by 
the cleaner burning properties of the fuels. At medium and high engine loads, 
the amount of accumulation mode particles for each fuel is higher coupled 
with higher SOF than that of diesel, with oxygenates addition, which leads to 
the decrease in the nanoparticles concentration but no significant changes in 
them between different fuels. 
In this study, a thermodenuder (TD) was used to remove semi-volatile 
particles. Both the volatile and solid particle number concentrations and size 
distributions at 50% engine load are shown in Figure 5.8(a) and (b). In this 
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investigation, there is an 18.0−34.4% reduction in total particle counts after the 
passage of particle emissions through TD, suggesting that the formation of  
 
Figure 5.8 (a) Volatile (without TD) and (b) solid (with TD) particle 
number size distributions 
some new particles from volatile species after the dilution and cooling 
processes is a contributor to the increase in total particle counts, for all tested 
fuels. The presence of particles containing volatile species has implications for 
DPM health effects, as inflammation and oxidative stress (precursors to some 
cardiovascular and respiratory diseases) are driven by the presence of organic 
compounds (Surawski et al., 2011a). These particles are vaporized by passing 
through TD, and therefore result in a decrease in the total particle counts. 























































































by passing through TD, which would cause some of the smaller particles to 
fall out of the minimum measurable size of the FMPS and would therefore 
result in the decrease of the tested total particles counts. However, Figure 
5.8(b) also shows that after passage through TD, the counts of particles 
resulting from DGM and PME addition are still higher than those from pure 
ULSD. This finding, therefore, confirms that more soot particles are generated 
in the cylinder from these blended fuels and therefore led to higher particle 
number emissions. 
5.6  Raman Spectroscopy and TGA Results 
In this study, the D (Defect)/G (Graphite) band intensity ratios (ID/IG) were 
used to investigate the graphite-like structure of soot particles. With the 
decrease in this ratio, the graphite-like structure becomes dominant (Lapuerta 
et al., 2012; Salamanca et al., 2012; Song et al., 2006a; Xu et al., 2013). Figure 
5.9(a) shows that the ID/IG ratios of the soot particles emitted from PME 
blended fuels are lower than that from ULSD, indicating that the soot had 
more ordered graphite-like structure and lower amorphous carbon 
concentration (Salamanca et al., 2012; Yehliu et al., 2012). Soot emitted from 
DMC and DEA addition shows a marginal change in ID/IG, whereas soot 
emitted from other kinds of oxygenated fuel blends shows higher ID/IG ratios, 
indicating the soot from these blended fuels had the lower degree of 
particulate graphitization. The variation in soot nanostructure from different 
fuels could be due to different fuel composition and fuel decomposition 
chemistry (Lapuerta et al., 2012; Xu et al., 2013). The nanostructure of soot 
could also depend upon its formation conditions, such as temperature and 
residence time (Vander Wal and Tomasek, 2004). The blended fuels used in 
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this study would certainly change the properties of the baseline fuel, which 
may lead to the variation of the nanostructure due to changes in the nature of 
the combustion process, including the combustion chemistry and in-cylinder 
combustion conditions. 
 
Figure 5.9 (a) Soot nanostructure: intensity ratios of the D (Defect) and G 
(Graphite) band (ID/IG), (b) Soot oxidation: ignition temperature and 
activation energy 
Compared to ULSD, a lower ignition temperature is obtained from all 
blended fuels as shown in Figure 5.9(b). A similar trend is also observed for 
the activation energy. These findings suggest that the soot emitted from 





































































































































































from the baseline fuel (Lapuerta et al., 2012; Lu et al., 2012; Song et al., 
2006a; Sukjit et al., 2013; Xu et al., 2013; Yehliu et al., 2012). The results 
from this investigation also show that both the ignition temperature and the 
activation energy decrease with the increase in the VOF in particles, with the 
statistical correlation as shown in Table 5.2. The finding is consistent with the 
previous studies by Stratakis and Stamatelos (2003) and Yehliu et al. (2012) in 
that the soot reactivity increased with VOF.  With evaporation of more VOF 
from the particle surface during the inert gas thermal treatment, the particle 
porosity development would be likely to take place, allowing the oxygen 
penetration. In this study, the higher VOF found by all tested blended fuels 
could be considered as one of the key factors that led to higher soot oxidation 
reactivity. Nevertheless, there is no clear linear correlation between the 
ignition temperature or activation energy and ID/IG.  For example, the soot 
emitted from the PME addition that shows the lowest ID/IG do not have the 
highest ignition temperature and activation energy. This anomaly could be 
explained on the basis that the initial structure alone does not determine the 
reactivity of diesel soot, but the initial oxygen functional groups on the soot 
surface are likely to have a strong influence on the oxidation state of the soot 
(Song et al., 2006a). In addition, Lapuerta et al. (2012) pointed that the higher 
curvature of the carbon fringes for soot from biodiesel could also promote soot 
oxidation. Therefore, more research is warranted to identify and quantify the 
differences in soot properties from different kinds of oxygenated fuel blends 
and the improvement in soot oxidation reactivity. However, the findings from 
this preliminary study indicate a dual benefit in using the blended fuels in 
conjunction with DPFs. First, soot (EC) emissions decrease significantly while 
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using oxygenated fuel blends, leading to a reduced rate of increase of pressure 
drop across the DPFs, thus reducing the required frequency of regeneration 
and lengthening the DPFs lifetime (Yehliu et al., 2012). Second, the higher 
oxidation reactivity of soot from blended fuels could not only enhance the soot 
oxidation in DPFs, but also promote the DFPs regeneration. 
Table 5.2 Statistical correlation between volatile organic fraction (VOF) 
in particles and soot oxidation reactivity (ignition temperature and 
activation energy) 
 
VOF (%) vs 
ignition temperature (℃) 
VOF (%) vs 
activation energy (kJ/mol) 
Person R -0.932 -0.866 
P-value < 0.001 < 0.001 
Regression slope -3.464 -2.851 
y-intercept 802.743 347.796 
SD
+
 4.818 5.871 
  +
 Standard Deviation 
5.7  Cytotoxicity of Particles 
Particles emitted from pure ULSD and from oxygenated fuel blends 
with 4% oxygen at 50% engine load were chosen for the investigation of their 
effects on cell toxicity. As can be seen from Figure 5.10, regardless of the 
fuels used, all the particles caused a dose dependent, statistically significant 
decline in cell viability (p < 0.05) when assessed with the MTT test. The 
particles from DGM4, PME4 and Bu4 appeared to be having slightly higher 
cell viability than those from ULSD. However, the significant difference only 
occurred at PME4 and Bu4 when the cells are exposed to higher dose of 
particles. Moreover, for each dose, the particles from DMC4 and DEA4 show 
slightly lower cell viability. 
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The statistical correlation between the cell viability and exposure 
concentration of individual chemical species for each fuel is given in Table 5.3.  
The results show a high anti-correlation between cell viability and the 
concentrations of OC, WISOC, WSOC and PAHs while a low anti-correlation 
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Figure 5.10 Variation of cell viability 
 
Table 5.3 Statistical correlation between cell viability (% control) and 














Person R -0.714 -0.754 -0.802 -0.795 -0.780 -0.709 
P-value  < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Regression 
slope 
-0.399 -0.505 -0.148 -0.115 -0.101 -1.728 
y-intercept 86.419 87.110 87.723 87.651 87.206 86.196 
SD
+
 4.791 4.491 4.091 4.152 4.285 4.826 
+
 Standard Deviation 
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particulate-bound organic compounds play a major role in inducing the 
toxicity of inhalable particles by forming ROS as has been demonstrated in 
some of the previous studies (Cheung et al., 2009, 2010; Surawski et al., 
2011a, 2011b). Furthermore, these observations imply that the application of 
oxygenated fuel blends has potential to increase the particle toxicity due to 
higher fraction of organic compounds in particles despite an overall decrease 
in total particle mass emissions.  However, it should be emphasized that the 
high anti-correlation between cell viability, and WSOC, WISOC and OC may 
not necessarily reflect their cell toxicity, but rather the correlation of some 
toxicological species concentrations contained in them.  For example, some 
researchers suggested that PAHs, hopanes, steranes as well as some trace 
metals such as Fe, Ni and Zn play a significant role in the overall DPM-
induced toxic activity (Cheung et al., 2010; Zielinska et al., 2004). Since 
hopanes, steranes and trace metals are associated with the engine lubricating 
oil and not with the fuel, emissions of these species do not seem to cause the 
variation of cell viability investigated in this study. Moreover, the results of 
Cheung et al. (2010) indicated that different chemical species might have 
different biological mechanisms and pathways for formation of ROS. 
Therefore, more research is warranted to identify and quantity how these 
blended fuels cause a change in chemical speciation of OC including nonpolar 
and polar organic compounds, with variations in  the oxygen content in the 
blended fuels and specific types of oxygenates. 
5.8  Conclusions, Environmental and Health Implications 
From the observations of this study, we can conclude that under the 
same oxygen content in the blended fuels, the addition of DGM and PME  
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shows less effectiveness in DPM emission reduction because both they  led to 
a lower DPM mass reduction efficiency while showing a higher particle 
number concentration, compared to that of DMC, DEA and Bu addition.  This 
drawback is not only applicable to DGM and PME blends but also to other 
oxygenates at low engine load. The results from this study also reveal that 
when designing the oxygenated fuel blends, in addition to the fuel oxygen 
content and the molecular structure of the oxygenates, the cetane number and 
other fuel properties should also be considered. Despite general reductions in 
PM mass emissions when oxygenates are blended with diesel, there is an 
increase in the proportion of OC and WSOC in particles. All blended fuels 
show different emission factors of particle-phase PAHs and n-alkanes, slight 
alterations in soot nanostructure, lower soot ignition temperature and 
activation energy, changed in particle number emissions. The variations of 
these particle properties are associated with oxygen contents in fuels and fuel 
types. This study reveals that the toxicity of PM varies in response to an 
increase in the content of OC (both WSOC and WISOC) and PAHs and 
WSOC.  In order to provide a more complete perspective to the results of this 
study, in vivo inhalation exposure studies to emissions of size-fractionated PM 
using animal models are greatly needed. Nevertheless, the findings from this 
study raise significant concerns on the validity, effectiveness and overall 
relevance of PM-mass based emission standards from combustion sources. 
Determination of the specific chemical components that are associated with 
the toxicity of DPM will be vital in designing emission control technologies to 
protect public health.  Furthermore, fine and ultrafine particles originating 
from combustion sources are known to be responsible for a myriad of 
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environmental problems, ranging from global warming to eutrophication. 
Therefore, the fields of combustion, atmospheric science, and public health 
should be brought together in an integrated manner such that a unified plan of 
action can be developed and implemented. 
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Chapter 6  Influence of Fuel-borne Catalysts on Diesel 
Engine Particulate Characteristics 
6.1  Introduction 
Apart from oxygenated fuels, metal-based fuel-borne catalysts (FBCs) 
have been increasingly used in Europe and elsewhere as diesel fuel additives 
to reduce soot and DPM emissions from both on-road and non-road 
applications. While the reduction of soot and DPM emissions is a clear benefit 
of FBCs, there are major uncertainties about if and how metal-based FBCs 
alter the physical and chemical characteristics of DPM emissions when FBCs-
doped fuels are combusted in diesel engines, and how the changed 
characteristics of particulates affect their toxicity and human health. The main 
goal of the study discussed in this chapter is to identify the impact of using 
different concentrations of the cerium-based and iron-based FBCs on the 
characteristics of diesel engine particulate emissions from the protection of the 
environment and public health viewpoints. Subsequently, we have discussed 
the physical, chemical and toxicological characteristics of DPM emissions 
influenced by these FBCs in an integrated manner. 
Specifically, three concentrations of CeO2- and Fe(C5H5)2-doped 
ULSD were prepared corresponding to 25, 50, and 100ppm Ce and Fe by 
weight, respectively.  In this work, we firstly examined the effects of these 
FBCs-doped fuels on particulate mass emission factors, the carbonaceous 
matters in particles including EC, OC and WSOC. The variation of these 
compounds is important both in helping to elucidate the impact of the 
modified combustion process on the composition of carbonaceous aerosols 
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and in determining environmental effects (Nash et al., 2013). We further 
selected appropriate chemical species such as particle-phase PAHs and n-
alkanes for the discussion as they are important constituents of organic 
aerosols. In addition, the effects of cerium oxide and ferrocene on particle 
volatility and soot oxidation behavior were also examined since interactions 
between Ce or Fe and nucleation-mode particle formation as well as with the 
DPFs regeneration performance remain poorly known. Finally, in order to 
assess the impact of these FBCs on the toxicity of DPM, cytotoxicity of 
particles emitted from both with and without FBCs-doped diesel fuel 
combustion was investigated. Thus, the current study represents the first 
attempt of its kind to fully evaluate the potential impact of Ce- and Fe-doped 
ULSD on the physical, chemical and toxicological characteristics of DPM 
emitted by a non-road diesel engine under different load conditions. Results 
from these tests may offer better insights into the effect of Ce-based and Fe-
based FBCs on diesel particulate emissions, and prove to be useful for future 
assessments of environmental and health impacts of the two kinds of metal-
based fuel additives. 
6.2  DPM and Carbonaceous Matter Emissions 
As shown in Figures 6.1(b)-(d), regardless of whether or not FBCs are 
doped with ULSD, EC emission factors increase significantly, but both OC 
and WSOC emission factors decrease generally with an increase in engine 
load, resulting in the higher particulate mass emissions at low and high engine 
loads than those at medium engine load, as evident from Figure 6.1(a). 
Meanwhile, the different variations of EC, OC, and WSOC with engine load 
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led to the decreased both OC/EC and WSOC/OC ratios with engine load, as 
shown in Figures 6.1(e) and 6.1(f), respectively. 
 
Figure 6.1 Effects of FBCs-doped fuels on emission factors of (a) DPM 
(diesel particulate matter), and carbonaceous species (b) EC (elemental 
carbon), (c) OC (organic carbon), (d) WSOC (water-soluble organic 










































































































































































































































































































































































































































































































































































































































































































































Figure 6.1(a) shows that the presence of Ce and Fe in the fuel 
significantly reduces the particulate mass emission factors, which is strongly 
dependent on the variations of EC and OC emissions, as evident from Figures 
6.1(b) and (c), respectively. Specifically, the addition of Ce to the diesel fuel 
generally decreases both EC and OC emissions, with the EC having higher 
percentage of emission reduction than that of OC. Compared to the baseline 
fuel, the reduction of EC at different proportions of Ce in ULSD is 43.3 - 
64.9%, 24.3 - 50.4% and 13.8 - 34.6%, respectively from low to high engine 
load.  The corresponding reduction in OC emission factors is 3.8 - 20.0%, 2.8 
- 12.9% and 3.0 - 11.3%.  Similar trends in EC emission reduction are also 
observed with an increase in Fe concentration in ULSD. In addition, the 100 
ppm of Fe-doped diesel fuel generally is more effective in inhibiting EC 
emissions than that of 100 ppm of Ce-doped fuel, especially at a higher engine 
load.  Specifically, the corresponding reduction of EC emissions with different 
proportions of Fe in ULSD is 43.6 -72.5%, 29.5 - 55.6% and 18.3 - 42.3%. 
Similar results in smoke or particulate mass reduction were reported for Ce-
doped fuels (Farfaletti et al., 2005; Selvan al., 2009; Zhang J et al. 2013), and 
for Fe-doped fuels (Ma et al., 2013; Nash et al., 2013; Skillas et al., 2000). The 
finding of this study is in line with those from previous reports in the literature 
(Farfaletti et al., 2005; Ma et al., 2013, Nash et al., 2013; Selvan al., 2009; 
Skillas et al., 2000; Zhang J et al. 2013). However, the variation of OC 
emissions for Fe-doped fuels is not as significant as that of the EC reduction. 
Consequently, the decrease of particulate mass emissions due to Fe-doped 
fuels can be attributed predominantly to the EC emission reduction. This 
finding supports the view that Fe-doped diesel fuels significantly decrease soot 
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or DPM emissions and that the reduction of DPM is due mainly to soot 
reduction (Kasper et al., 1999; Ma et al., 2013; Nash et al., 2013; Skillas et al., 
2000; Song et al., 2006b). The results from this study can also be used to 
explain that the Ce-doped fuels lead to a 1.7 - 8.4% higher particulate mass 
emission reduction than that of Fe-doped fuels as a result of simultaneous 
reduction of EC and OC emissions. Moreover, the substantially reduced EC 
emissions coupled with the relative minor change in OC emissions for both 
Ce- and Fe-doped fuels may contribute to the higher increase in OC/EC ratios 
than that for pure diesel fuel.  Compared to Ce-doped fuels, the higher EC 
emission reduction coupled with the lower OC emission reduction for Fe-
doped fuels lead to higher OC/EC ratios. The results indicate that a high 
proportion of adsorbed semi-volatile organics in the particulate matter is 
emitted from these FBCs-doped fuels, especially from Fe-doped fuels. With 
regard to WSOC, as shown in Figure 6.1(d), it increases significantly for both 
Ce- and Fe-doped fuels at high engine load when compared to pure diesel fuel. 
The higher WSOC emissions also lead to higher WSOC/OC ratios for these 
FBCs-doped fuels at high engine load. Whereas, at low and medium engine 
loads, the higher WSOC/OC ratios only occurred for the addition of 50 and 
100 ppm Ce to ULSD. In the other case, the WSOC/OC ratios for FBCs-doped 
fuels show no significant difference from that of diesel fuel. In addition, for 
each engine load, with the same dose of FBCs in ULSD, the WSOC/CO ratios 
for Ce-doped fuels show slightly higher than those for Fe-doped fuels. The 
results indicate that the FBCs doped fuels tend to increase the water solubility 
of OC in these cases, especially for Ce-doped fuels at high engine load. 
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Diesel soot (EC) is generated on the fuel-rich side of the diffusion 
flame in the engine combustion chamber at the early stage of combustion (Zhu 
et al., 2011).  Most of the soot is then oxidized to CO and CO2 at the late stage 
of combustion. The non-oxidized soot would be exhausted from the engine. 
The final process that forms the DPM occurs outside the diesel engine, where 
the SOF is formed on the soot particle surface when these soot particles are 
exhausted from the engine and diluted with fresh air (Chang, 1997).  Therefore, 
the factors that affect the formation and oxidation processes of soot in the 
combustion chamber of diesel engines determine the EC emissions, while the 
SOF concentrations and the states of the dilution and cooling processes affect 
the relative amounts of volatile substances that adsorb or condense onto 
existing soot particles or nucleate to form new particles. Addition of FBCs to 
diesel fuel would have a direct impact on ignition delay and the ratio between 
premixed and diffusion combustion, and therefore leading to a change in EC 
formation in the cylinder. For example, Selvan et al. (2009), and Kannan et al. 
(2011) and Zhu et al. (2012), respectively, found that the use of Ce-based and 
Fe-based FBCs resulted in a reduced ignition delay, which might have a 
negative influence on the soot emissions because of a reduced non-sooting 
premixed burn duration brought about by the shorter ignition delay. However, 
Kannan et al. (2011), Selvan et al. (2009) and Zhu et al. (2012) also reported 
that the catalyst can effectively improve the combustion efficiency, resulting 
in a higher peak cylinder pressure, faster heat release rate and significantly 
reduced fuel consumption. In this improved combustion environment, the 
hydrocarbon fragments from fuel pyrolysis burn more completely, leaving 
fewer soot precursors and thus leading to less soot formation and emissions. 
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Moreover, some studies have used premixed or diffusion flames, or 
diesel engine to gain a more fundamental understanding of how the metal 
additives impact the soot formation and oxidation. For example, Hirasawa et 
al. (2004) found that addition of ferrocene to premixed ethylene flames 
resulted in the formation of condensation iron oxide nuclei in the combustion 
zone prior to the formation of carbonaceous particles. The carbonaceous 
matter preferentially condenses at the surface of the iron oxide nuclei where it 
is burnt in the last stage of the combustion. Kasperet al. (1999) and Kim et al. 
(2008) conducted their experiments on diesel engines and diffusion flames, 
respectively. Both of them found that Fe-based additives reduced the amount 
of soot in combustion by more efficient burnout rather than by inhibition of 
soot formation. Similarly, Lahaye et al. (1996) experimentally produced soot 
by pyrolysis and oxidative pyrolysis of fuels doped with cerium oxides in a 
flow system heated by an oven. They studied the effect of cerium oxide on 
soot formation and post-oxidation and observed that the soot yield is not 
affected significantly by the presence of cerium oxide in the fuel but the 
ignition temperature of the soot was strongly decreased, which could promote 
the soot oxidation. The results from the current study indicate that the Ce and 
Fe catalysts significantly improve the soot oxidation during diesel combustion 
resulting in a reduced EC and DPM emissions. 
Apart from the results of Lahaye and coworkers (1996), most of the 
previous studies also concluded that the addition of FBCs to diesel fuel could 
considerably reduce the ignition temperature (light-off temperature) of diesel 
soot or diesel engine due to the catalytic combustion. For example, Stratakis 
and Stametlos (2003) found that the addition of 25 ppm and 50 ppm of cerium 
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to diesel fuel led to the ignition temperature of diesel soot dropped from 630 
ºC to 490 ºC and to 480 ºC, respectively. Jung et al. (2005) concluded that 
light-off temperature of diesel soot was reduced by 250 and 300 ºC, 
respectively, for 25 and 100 ppm Ce-doped fuels. With a drop in soot 
oxidation temperature, the combustion temperature in-cylinder will decrease 
leaving more unburned fuels left to condense on the surface of the PM.  
Subsequently, Lee et al. (2006) provided evidence of the increase in organic 
compounds with the addition of increased concentrations of iron using a single 
particle mass spectrometer. Compared to particles emitted from Ce-doped 
fuels, on the one hand, particles emitted from Fe-doped fuels have lower 
ignition temperature as shown in this study (see later section) and thus leads to 
lower EC emissions but higher OC emissions. One the other hand, the lower 
EC emission may provide less surface area for OC adsorption, which may in 
turn lead to lower OC emission. The two factors contradict with each other 
and may lead to a minor variation of OC with Fe addition. 
6.3  Particle-Phase PAHs and N-alkanes 
In this study, the emission factors of two classes of organic species 
(PAHs and n-alkanes) present on the DPM emitted from 50% engine load as a 
function of the concentrations of Ce and Fe in ULSD were examined, with the 
results shown in Figures 6.2 (a) and (b), respectively. As shown in Figure 
6.2(a), regardless of whether or not FBCs were doped in ULSD, particle-phase 
PAHs are dominated by MMW-PAHs, followed by LMW-PAHs and then 
HMW-PAHs having the lowest emission factors. Compared to the pure ULSD, 
the total particle-phase PAHs emission factors generally increase with an 
increase in the Ce and Fe contents in the fuels. Moreover, the percentage 
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increase in both MMW-PAHs and HMW-PAHs is higher than that of LMW-
PAHs. Another interesting finding is that with the same dose of additives in 
the fuel, Fe leads to higher particle-phase PAHs emissions than that of Ce. 
Specifically, the total PAHs emission factors for Ce-doped fuels are increased 
by 13.6%, 25.1% and 37.7% corresponding to 25 ppm, 50 ppm and 100 ppm 
of Ce in the fuels, respectively. While the corresponding increases in PAHs for 
Fe-doped fuels are 26.9%, 48.0% and 71.5%, respectively. A similar effect of 
both additives on the total BaPeq is also observed in this study. The results 
indicate that both Ce- and Fe-doped in ULSD show no benefit for particle-
phase PAHs emissions.  
 



































































































































Lee et al. (2006) found that the organic compounds in diesel particles 
increased with the addition of increased concentrations of iron in diesel fuel 
using a single particle mass spectrometer. Zhang J et al. (2013) found that 
CeO2-doped diesel fuel led to the high particle-phase PAHs emissions. The 
results from this study are consistent with the findings listed in the literature 
(Lee et al., 2006; Zhang J et al., 2013). This can be explained by the following 
two aspects. First, it has been shown by previous studies also found in our 
current study (see section 6.5) that the addition of FBCs decreases the ignition 
temperature of diesel soot considerably (Kasperet al., 1999; Kim et al., 2008; 
Stratakis et al., 2003). With a drop in soot oxidation temperature, the 
combustion temperature in-cylinder would decrease leaving more unburned 
fuels left to condense on the surface of the DPM.  Second, compared to pure 
ULSD, both Ce- and Fe-doped fuels may also lead to lower exhaust 
temperature and higher total particle counts (see later sections), which affect 
the PAHs partitioning between the gas and particle phase when cooling in the 
exhaust pipe. The findings indicate that the adverse factors overcome the 
favorable factors, leading to the higher particle-phase PAHs emissions. 
Figure 6.2(b) shows that for each fuel, the distribution of n-alkanes 
emission factors represents a similar bell-shaped curve with C21 as the most 
abundant, which is consistent with the findings from a previous study with a 
maximum concentration ranging from C20 to C22 (Schauer et al., 1999). Both 
Ce- and Fe-doped in ULSD lead to higher n-alkanes emissions, with Fe having 
higher n-alkanes emissions than that of Ce. The presence of these alkanes in 
the DPM emitted from the combustion of FBCs-doped fuels in diesel engine 
indicates that there is considerable unburned fuel and/or crankcase oil that is 
124 
 
emitted from the engine and subsequently condenses on DPM. Diesel fuel is a 
complex compilation of hydrocarbons with chain lengths mostly between C12 
to C26 while crankcase oil tends to have longer carbon atom chains.  Given 
the nature of fuel and lubricating oil used, it is reasonable to assume that most 
of the hydrocarbons observed in this study are a result of incomplete 
combustion. The presence of unburned fuels supports the previously proposed 
theory that a reduction in ignition temperature of soot due to FBCs can cause 
an increase in unburned carbon emissions. Moreover, for both Ce and Fe 
addition, the relative increase in C16-C25 is much higher than that of both 
C14-C15 and C26. This can be explained on the basis that the heavier n-
alkanes of C26 probably originated from lubricating oil (Schauer et al., 1999), 
and therefore the emission factors of these species are expected to show little 
variations. While the shorter-chain alkanes such as C14-C16 are more likely to 
undergo complete combustion than that the heavier ones, they are only slightly 
affected by the addition of additives. 
6.4  Particle Number Emissions and Size Distributions 
Both the volatile (without TD) and solid (with TD) particle number 
size distributions varied with the engine load and the concentrations of Ce and 
Fe in fuels are shown in Figure 6.3. In order to analyze the variation of particle 
number concentrations in detail, the volatile particles were further classified 
into four groups: <20, <50, >50, and total particles (particles with diameter of 
5.6-560 nm). The effect of both the Ce- and Fe-doped fuels on particle number 
emission factors in each group as well as particle geometric mean diameter 






Figure 6.3 Effects of FBCs-doped fuels on volatile (without TD) and solid 
(with TD) particle number size distributions 
As can be seen from Figures 6.3(a)-(f), the variation of both volatile 
and solid particle number size distributions caused by the Ce- and Fe-doped 
fuels seems to be associated with their proportion in ULSD and engine load. 





























































































































































































































































appearance of an obvious nucleation mode with the peak diameters of 10-20 
nm. Progressive increases in the concentrations of Ce and Fe in fuels results in 
the size 
Table 6.1 Effect of FBCs-doped fuels on emission factors of size-
segregated volatile particles (particles/kW.h) and volatile particle 
geometric mean diameter (GMD, nm)  
 ULSD Ce25 Fe25 Ce50 Fe50 Ce100 Fe100 
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distribution of these nucleation mode particles being shifted upwards and 
towards larger size, leading to an increase in the total particle number 
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emissions as shown in Table 6.1. Moreover, for each dose of FBCs in ULSD, 
the peak of nucleation mode particles for Fe-doped fuels is higher than that of 
the peak for Ce-doped fuels, resulting in the Fe-doped fuels having higher 
total particle counts than those of Ce-doped fuels, as evident from Table 6.1.  
At medium engine load, except for the addition of 25 ppm Ce to ULSD, a 
similar variation of the particle size distribution is observed when the engine is 
operated with both Ce- and Fe-doped fuels. However, at high engine load, 
only 100 ppm Fe-doped fuel leads to a significant increase in the peak of 
nucleation particles. 
As shown in Table 6.1, for each engine load, with an increase of Ce 
and Fe concentrations in ULSD, the emission factors of particles with 
diameter less than 20 nm increase significantly. Moreover, for the same 
proportion of Ce and Fe doped in ULSD, the degree of the increase in these 
nanoparticle counts is generally higher for Fe addition than that for Ce 
addition. Specifically, from low to high engine load, the total number emission 
factors of particles less than 20 nm emitted for Ce-doped fuels is 6.0 - 16.1 
times, 1.3 - 26.7 times, and 1.2 - 2.3 times that obtained from pure ULSD. The 
corresponding increase in these particles for Fe-doped fuels is 9.7 - 16.1 times, 
4.4 - 39.7 times, 1.5 - 4.0 times. However, for each engine load, the particles 
larger than 50 nm are reduced generally with an increase in the Ce and Fe 
concentrations in fuels. Moreover, Table 6.1 also shows that FBCs-doped 
fuels not only increase the emissions of particles less than 20 nm, but also 
significantly increase particles of less than 50 nm in some cases, including at 
low engine load with all tested dose, medium engine expect for 25 ppm Ce, 
and high engine load with 100 ppm Fe. The results indicate that the increase in 
128 
 
the total particle number emissions as well as the decrease in the GMD 
associated with both Ce and Fe addition is a result of a significant increase in 
the number of smaller particles, while the reductions in large diameter 
particles are responsible for the decrease in particulate mass, as evident from 
Figure 6.1, as they are more influential on particulate mass. Burtscher et al. 
(1998), Jung et al. (2005) and Skillas et al. (2000) concluded that Ce-based 
fuel additives could sufficiently reduce the number concentration of particles 
larger than 50 nm or accumulation mode particles, but obviously increase the 
concentrations of particles less than 50 nm or nuclei mode particles, 
respectively. Kasper et al. (1999), Miller et al. (2007) and Nash et al. (2013) 
found that Fe-based FBC showed a significant increase in nanoparticles but a 
decrease in particles larger than 50 nm, respectively. The finding in this study 
is consistent with those previously reported (Burtscher et al., 1998; Jung et al., 
2005; Kasper et al. 1999; Miller et al. 2007; Nash et al. 2013; Skillas et al., 
2000). The results from this study also reveal that when designing the fuel 
additive, low dose coupled with high engine load can reduce particle number 
emissions. 
Miller et al. (2007) and Nash et al. (2013) proposed that in the 
combustion process, as the organic structure of ferrocene decomposes and 
atomic Fe is liberated, its lower vapor pressure promotes homogeneous 
nucleation, forming nanometer-scale Fe nuclei. It was further suggested by 
Song et al. (2006) that Fe nucleation occurs before soot formation and these 
nuclei have time to interact with each other before primary soot particles are 
formed. Therefore, after homogeneous nucleation of iron is established, a 
further increase in Fe in the fuel not only simply creates more such metallic 
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particles, but also promotes coagulation, leading to the formation of more 
counts and larger sized metallic particles. Then, these self-nucleated particles, 
or their agglomerates would attach directly to carbon surfaces or undergo 
further coagulation with carbon particles. As the soot passes through the flame, 
Fe acts as a catalyst to promote soot oxidation and therefore leads to lower 
soot (EC) mass emissions as explained in section 6.2. Meanwhile, as the soot 
is oxidized, the Fe occlusions present in the same soot particles may coalesce. 
If a soot particle is completely oxidized, the Fe particles are liberated, and 
continue to undergo particle-to-particle interactions and agglomeration (Nash 
et al., 2013). Therefore, it is possible that the presence of the large 
carbonaceous particles in the accumulation mode associated with higher 
engine loads provided a large surface area for adsorption of these self-
nucleated particles, or their agglomerates that comprised the nucleation mode. 
This interaction enhances Fe coalescence and agglomeration in the soot 
oxidation process and therefore results in a relatively lower increase in 
nucleation-mode metallic particles than that at lower engine loads. 
Furthermore, the enhanced coalescence and agglomeration of nucleation 
metallic particles coupled with the relative less production of Fe nuclei 
associated with the lower additive concentration of 25 and 50 ppm at high 
engine load lead to no appreciable increase in the nucleation mode particles.  
The same reason could be also used to explain the variation of particle size 
distributions caused by Ce-doped fuels. Moreover, as we discussed in section 
6.2, the soot emissions from Ce-doped fuels is higher than that from Fe-doped 
fuels. The higher soot emission may provide more surface area for adsorption 
of these self-nucleated particles, or their agglomerates that comprised the 
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nucleation mode and therefore lead to a lower increase in nucleation-mode 
metallic particles than that of Fe-doped fuels. 
In this investigation, there is a 27.1 - 46.4% reduction in total particle 
counts after the passage of particle emissions through TD, suggesting that the 
formation of some new particles from volatile species after the dilution and 
cooling processes is a contributor to the increase in total particle counts, for 
both with and without Ce and Fe addition. These particles are vaporized by 
passing through TD, and therefore result in a decrease in the total particle 
counts. Moreover, the volatile compounds attached onto particles are also 
vaporized by passing through TD, which would cause some of the smaller 
particles to fall out of the minimum measurable size of the FMPS and would 
therefore result in the tested nanoparticle counts decrease. However, Figure 
6.3 also shows that after TD, the counts of nanoparticles emitted from both 
Ce- and Fe-doped fuels at low and medium engine loads and 100 ppm Fe-
doped fuel at high engine load are still much higher than those from pure 
ULSD.  This finding, therefore, confirms that more and larger self-nucleated 
metallic particles and their agglomerates are generated in the cylinder and 
emitted to the engine exhaust with an increase in Ce and Fe concentrations in 
ULSD, as explained in the previous paragraph. The finding is consistent with 
the previous study by Burtscher et al. (1998), Jung et al. (2005) and Skillas et 
al. (2000) who found that the nuclei mode particles consisted mainly of Ce 
when the diesel engine combusted with Ce-doped fuels, respectively. The 
presence of the amount of nanoparticles containing Ce and Fe may have 
profound implications on subsequent exposure and health effects, as oxidative 
stress is driven by generation of ROS with the presence of metal in the 
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particles (Acevedo-Morantes et al., 2012; Auffan et al., 2008; Cheung et al., 
2009; Snow et al., 2014). 
6.5  Soot Oxidation Behavior and Soot Nanostructure 
Compared to pure ULSD, a lower ignition temperature is obtained 
from all Ce- and Fe-doped fuels as shown in Figure 6.4(a). The extent of the 
reduction in the ignition temperature increases with an increase in Ce 
concentration, while the reduction shows no clear trend with an increase in Fe 
concentration. However, for each engine load, the activation energy of soot 
generally decreases with an increase in the concentrations of both Ce and Fe in 
the fuels. Moreover, with the same dose of additives in fuels, the addition of 
Fe generally shows lower or at least not higher activation energy than that of 
Ce addition, indicating Fe has a higher ability of soot oxidation than that of Ce. 
Specifically, as Ce increases from 25 to 100 ppm, the ignition temperature is 
reduced by 25.9-81.9 ℃, 36-70.5 ℃ and 55-153.6 ℃, respectively from low to 
high engine load. The corresponding reduction in activation energy for Ce 
addition is 17.2-40.1 kJ/mol, 23.6 - 56.1 kJ/mol and 22.7 - 41.3 kJ/mol, 
respectively. The reduction in ignition temperature with the different 
proportions of Fe in the ULSD is in the range of 48.9 - 111.8 ℃, 49.5 - 84℃ 
and 136 - 153.6℃, respectively from low to high engine load. The reduction in 
activation energy for Fe addition is 22.2 - 46.1 kJ/mol, 27.2 - 57.8 kJ/mol, and 
24.9 - 56.2 kJ/mol, respectively from low to high engine load. This 
observation is in agreement with the results reported by Lahaye et al. (1996) 
and Summers et al. (1996), and also consistent with the results of Stratakis and 
Stamatelos (2003),who found that the addition of Ce or Fe in diesel fuel tends 
to lower the activation energy of soot oxidation, respectively. However, Jung 
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et al. (2005) concluded that the addition of 25 and 100 ppm Cerium oxide to 
diesel fuel increased the oxidation rate, but did not affect the activation energy. 
Similarly, Kim et al. (2008) found that the addition of iron to a flame reduced 
the activation energy of flame generated soot significantly, while the addition 
of the iron to diesel fuel showed no effect on the activation energy of  
 
Figure 6.4 Effects of FBCs-doped fuels on (a) soot oxidation: ignition 
temperature and activation energy, and on (b) soot nanostructure: 
intensity ratios of the D (defect) and G (graphite) band (ID/IG) 
diesel soot oxidation. They attributed this observation to the presence of 
metals in diesel soot which might arise from the lubricating oil.  These metals 
could reduce the activation and promote the oxidation of diesel soot. Therefore, 



































































































































































































promote the oxidation of diesel soot. From the results, it is concluded that the 
presence of Ce and Fe in the diesel fuel reduces the activation energy needed 
to start soot oxidation and lowers the temperature at which soot is oxidized.  
The finding is further confirmed by the fact that the presence of Fe in fuels 
results in lower EC (soot) emissions than that of Ce due to its higher soot 
oxidation ability in the last stage of combustion as discussed in section 6.2. 
The findings also indicate a double benefit in the Ce and Fe doped fuels, as 
these fuels not only produce lower engine output i.e. soot, but also make it 
easier to oxidize soot by after-treatment systems.  
The mechanisms involved in the metal-based FBCs on soot oxidation 
have been illustrated by several previous studies (Ahlström and Odenbrand, 
1989; Song et al., 2006b; Stratakis and Stamatelos, 2003). For example, the 
results of Stratakis and Stamatelos (2003) indicated that the catalytic activity 
of the metal-based fuel additive is enhanced by the presence of the VOF in 
particles. They proposed that the effect of VOF to the apparent kinetics of 
diesel soot oxidation is related with the modifications which take place in the 
particulate structure during the oxidation of VOF. According to Ahlström and 
Odenbrand (1989), an increase of the surface area of the soot takes place after 
VOF oxidation and leads to a more porous structure which allows the easier 
access of oxygen through the pores, and therefore enhances soot oxidation. 
Song et al. (2006) demonstrated that the oxidative reactivity of soot emitted 
from iron-based FBC-doped fuels depends on the extent of the surface 
enrichment of the metal oxide on the soot surface, which seems to be varied 
with engine load. Braun et al. (2006) found that adding ferrocene to diesel fuel 
generates soot with less graphitic, but more aliphatic structure, which can be 
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much more easily oxidized.  They explained that this modification may be a 
route to accelerating oxidation of soot.  From these observations, it seems that 
the change in the VOF fraction, the nanostructure of soot as well as the 
spreading of the metal oxide on the soot surface affects the catalytic oxidation 
of soot, which might vary with the Ce and Fe concentrations in the fuels as 
well as the engine operation conditions.  In addition, in this study, we found 
that the Fe-doped fuels show no significant change in the soot nanostructure 
(Figure 6.4 (b)), indicating factors other than the altered nanostructure lead to 
the lower ignition temperature of soot emitted from Fe-doped fuels. Therefore, 
more research is warranted to identify and quantify the differences in soot 
oxidation parameters from different concentrations of fuel additives and 
engine operation conditions and the improvement in soot oxidation. 
In this study, the D (Defect)/G (Graphite) band intensity ratios (ID/IG) 
were used to investigate the effects of FBCs-doped fuels on graphite-like 
structure of soot particles. With the decrease in this ratio, the graphite-like 
structure becomes dominant (Lapuerta et al., 2012; Salamanca et al., 2012; 
Song et al., 2006a; Xu et al., 2013). Figure 6.4(b) shows that the ID/IG ratios of 
the soot particles emitted from 25 and 50 ppm Ce-doped fuels are lower than 
that from ULSD, indicating that the soot had more ordered graphite-like 
structure and lower amorphous carbon concentration. However, soot emitted 
from Fe-doped fuels and from 100 ppm Ce-doped fuel shows a marginal 
change in ID/IG ratios, indicating the nanostructure of the soot from these fuels 
is not significantly changed. The finding is consistent with the previous study 
of Bladt et al. (2012), who concluded that the addition of Fe to diffusion flame 
does not change the soot microstructure crucially. Likewise, Lahaye et al. 
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(1996) concluded that the presence of cerium-based compounds has no effect 
on the morphology of soot, which seems to conflict with the findings in this 
study. Moreover, the results of Braun et al. (2006) showed that the addition of 
ferrocene to diesel fuel led to the diesel soot lacking in graphite-like 
characteristics. The variation in soot nanostructure from the combustion of 
FBCs-doped fuels in diesel engine could be associated with the combustion 
process and fuel decomposition chemistry. The nanostructure of soot could 
also depend upon its formation conditions, such as temperature and residence 
time. The FBCs-doped fuels used in this study would certainly change the 
properties of the baseline fuel, which may lead to the variation of the 
nanostructure due to changes in the nature of the combustion process, 
including the combustion chemistry and in-cylinder combustion conditions.  
6.6  Cytotoxicity of Particles 
Particles emitted from pure ULSD, and from 100 ppm Ce- and 100 
ppm Fe-doped fuels at medium engine load were chosen for the investigation 
of their effects on cell toxicity.  Meanwhile, it is assumed that the entire mass 
of Ce and Fe in the fuels was emitted in the exhaust in the particulate phase, 
and the equal dose of Ce and Fe in the form of cerium oxide and ferrocene was 
exposed to cells in order to investigate if FBCs themselves existing in the 
particles are the main factor resulting in the variation of the cell toxicity. 
As can be seen from Figure 6.5, both particles and FBCs including 
cerium oxide and ferrocene caused a dose dependent, statistically significant 
decline in cell viability (p < 0.05) when assessed with the MTT test. For each 
dose, the particles emitted from both 100 ppm Ce-doped and 100 ppm Fe-
doped fuels appeared to be having lower cell viability than those from pure 
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diesel fuel, especially when the cells were exposed to a lower dose of particles. 
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Figure 6.5 Effects of particles (emitted from with and without FBCs 
doped diesel fuel at 50% engine load) and FBCs themselves on cell 
viability 
fuel is slight lower than that from the 100 ppm Fe-doped fuel, indicating that 
the Ce-based fuel additive leads to a higher cytotoxicity of particles than that 
of the Fe-based fuel additive. This study also reveals that the cytotoxicity of 
cerium oxide is higher than that of the particles from Ce-doped fuels although 
they had the same dose of Ce. On the contrary, the cytotoxicity of ferrocene is 
lower than that of the particles emitted from Fe-doped fuels, which shows only 
a slight decrease in cell viability. The findings confirm that cerium oxide leads 
to a higher cytotoxicity than that of ferrocene.    
Auffan et al. (2008) investigated the relation between the redox state of 
iron-based nanoparticles and their cytotoxicity toward Escherichia coli. They 
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concluded that the nanoparticles containing iron and, particularly, zero-valent 
iron are cytotoxic. The cytotoxic effects seem to be associated principally with 
the generation of ROS, thereby inducing an oxidative stress. This mechanism 
of cytotoxicity was confirmed by Acevedo-Morantes et al. (2012), while 
conducting their experiments to investigate the effect of both ferrocene and 
ferrocenium salt on the cell viability.  Moreover, Kim et al. (2008) and Nash et 
al. (2013) studied the valence state of Fe in particles, when doping iron-based 
FBCs in fuels and burning in diffusion flames and diesel engines, respectively.  
Both of their results showed that Fe is predominantly in its elemental form, 
with only a very small amount present in its oxide form. Lin et al. (2006) 
investigated the cytotoxicity of cerium nanoparticles by using A549 cells. 
They found that the cell viability decreased at all exposure dose levels and 
exposure durations and followed a dose- and time-dependent decrease. 
Meanwhile, the elevated ROS levels, increased lipid peroxidation, increased 
membrane damage, and reduced antioxidant levels provide evidences in favor 
of oxidative stress caused by CeO2 nanoparticles exposure. Recently, Snow et 
al. (2014) evaluated the inhaled diesel emissions generated with cerium oxide 
nanoparticles fuel additive (DECe) on pulmonary and systemic effects. They 
reported that inhalation exposures to DECe are likely to have greater adverse 
pulmonary effects than diesel emissions alone. The results from both previous 
studies and the present study have demonstrated that the Ce and Fe additives 
used in diesel engines has potential to increase the cytotoxicity of particles due 
to the presence of Ce and Fe in particles. This finding is also confirmed by the 
fact that the cell viability is reduced with both cerium oxide and ferrocene 
being exposed to cells, although the exposed mass and the valence state of Ce 
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and Fe in particles are not probably the same as those of cerium oxide and 
ferrocene themselves. 
Table 6.2 Statistical correlation between cell viability (%) and FBCs 
concentrations (μg/ml) or carbonaceous species concentrations (μg/ml) in 
cell culture medium  








For ULSD and Ce-doped fuels 
 
Cerium Oxide 0.949 0.026 -0.082 74.287 1.816 
EC (mg/kW.h) 0.182 0.291 -0.227 79.719 6.594 
OC (mg/kW.h) 0.519 0.044 -0.111 83.001 5.058 
WSOC (mg/kW.h) 0.589 0.026 -0.684 83.432 4.676 
 
For ULSD and Fe-doped fuels 
 
Ferrocene 0.995 0.003 -0.050 99.674 0.337 
EC (μg/ml) 0.416 0.084 -0.331 82.918 5.388 
OC (μg/ml) 0.828 0.002 -0.118 86.120 2.928 
WSOC (μg/ml) 0.829 0.002 -0.737 86.107 2.918 
    +
 Standard Deviation 
As investigated in this study, the addition of both Ce and Fe to diesel 
fuel not only leads to the emission of Ce and Fe containing particles, but also 
results in a change of the particulate chemical composition, which may also be 
responsible for the variation of cell viability. The statistical correlation 
between the cell viability and concentrations of Ce and Fe or exposure 
concentrations of individual carbonaceous species is shown in Table 6.2. The 
results show a high anti-correlation between cell viability and the 
concentrations of Ce and Fe, OC and WSOC, while a low anti-correlation 
between cell viability and EC concentrations. This finding is consistent with 
the results of Cheung et al. (2009), regarding the relationship between airborne 
particulate chemical composition and its toxicity characteristics, assessed by 
dithiothreitol (DTT) assay and MTT assay, respectively. This observation 
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implies that the addition of Ce and Fe has potential to increase the particle 
toxicity due to its higher fraction of OC in particles although it shows an 
overall decrease in total particle mass emissions. Moreover, it should be 
emphasized that the high anti-correlation between cell viability, and OC and 
WSOC contents in particles may not necessarily reflect their cell toxicity, but 
rather the correlation of some toxicological species concentrations, both in OC 
and WSOC. More research is warranted to identify and quantity how metal-
based FBCs cause a change in chemical fractions of OC such as Nitro- and 
Oxy-PAHs, hopanes, steranes and polar organic compounds, with variations in 
the additive concentrations and engine operation conditions. This would be the 
subject of our further investigations to get a comprehensive understanding of 
the relationship between the applications of metal-based FBCs in diesel engine 
and their toxicity characteristics of particulate emissions.  
6.7  Conclusions 
The following major conclusions are drawn from the study discussed 
in this chapter: 
(1) The addition of cerium oxide and ferrocene to ULSD causes a 
significant reduction in DPM mass emissions. This reduction is mainly 
attributed to the reduction in the emissions of both EC and OC for Ce-doped 
fuels, and to the EC emission reduction for Fe-doped fuels. 
(2) Both Ce-doped and Fe-doped fuels increase both WSOC and OC 
fractions in particles, as well as particle-phase PAHs and n-alkane emissions. 
(3) Both Ce-doped and Fe-doped fuels lead a dramatic increase in total 
particle number emissions, with Fe-doped fuels having the higher particle 
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counts. The increase is mainly caused by the formation of a large number of 
self-nucleated metallic nano-sized particles. 
(4) Compared to pure ULSD, the soot emitted from both Ce-doped and 
Fe-doped fuels has a lower ignition temperature, and lower activation energy. 
Meanwhile, 25 and 50 ppm Ce doped fuels also changed the nanostructure of 
soot. 
(5) The particles emitted from both Ce-doped and Fe-doped fuels lead 
to a decline in cell viability. The variation in cell viability is associated with 
the Ce and Fe content in the particles, as well as a change in the chemical 





Chapter 7  Conclusions and Recommendations 
This doctoral study represents the first attempt of its kind to make a 
comprehensive evaluation of fundamental changes in the physicochemical 
characteristics of DPM emissions resulting from the combustion of diesel 
either blended with different kinds of oxygenates or doped in metal-based fuel 
additives, and to relate these changes to the toxicity of DPM in an integrated 
manner.  The physical properties were investigated in this study including the 
particulate mass concentration, number concentration and size distributions, 
the particulate volatility and oxidation behavior, and the nanostructure of soot 
particles. As for the chemical characteristics, the fraction of volatile 
substances adsorbed by the particulates, carbonaceous matters including EC, 
OC and WSOC, and specific classes of organic compounds (n-alkanes and 
particle-phase PAHs) were analyzed. Cytotoxicity of particles emitted from 
different fuels was investigated using MTT assay to study the relationship 
between chemical composition of DPM and their impact on the toxicity of 
particulates. The major conclusions drawn from the current experimental study 
as well as the recommendations for future research are summarized below. 
7.1  Summary  
A systematic study was conducted to characterize and compare the 
effects of blending long-chain alcohols (butanol and pentanol) with either 
ULSD or WCOB at 10% and 20% by volume on engine performance and on 
carbonaceous particulate composition and particle size distributions from the 
diesel engine.  The blended fuels show a marginal change in BSFC and the 
BTE when compared to the base fuels. Both butanol and pentanol addition can 
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effectively reduce the particulate mass and EC emissions, with butanol being 
more effective than pentanol. However, the proportion of particulate-bound 
OC and WSOC increases for the both blended fuels, especially for 20% 
butanol in the blended fuels. The total number emissions of volatile and solid 
particles are reduced significantly for both kinds of blended fuels at medium 
and high engine loads, whereas the counts of particles with diameter less than 
15 nm is increased for both blended fuels at low engine load. 
The goal of the second study is to blend five typical oxygenates with 
ULSD at 2% and 4% oxygen levels to examine how the oxygen content in the 
blends, the specific types of oxygenates, and the engine operation parameters 
affect carbonaceous particulate composition and particle number and size 
distributions. DPM emitted from 50% engine load was then chosen to further 
examine the effects of these blended fuels on more broad physicochemical 
characteristics and toxicological characteristics of DPM emissions, and to 
study the relationship between chemical composition of DPM and their impact 
on the toxicity of particulates. A small increase in the BSFC and the BTE is 
observed with the use of oxygenates blended with ULSD. All five oxygenates 
are found to be effective at reducing particulate mass emissions at medium and 
high engine loads, with butanol being the most effective and DGM being the 
least effective. Analysis of the relative contribution of changes in the OC and 
EC emissions to the reduction of particulate matter mass indicates that under 
the same oxygen content, EC made a dominant contribution to the reduction of 
particulate mass. In general, the proportion of particulate-bound OC and 
WSOC increases while using oxygenated fuel blends. Compared to ULSD, all 
blended fuels show different emission factors of particle-phase PAHs and n-
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alkanes, slight alterations in soot nanostructure, lower soot ignition 
temperature, and lower activation energy. The total counts of particles (≤ 560 
nm diameter) emitted decrease gradually for ULSD blended with DMC, DEA, 
and Bu, while they increase significantly for other blended fuels. The in vitro 
toxicity of particulates significantly increases with ULSD blended with DMC 
and DEA, while it decreases when ULSD was blended with PME, DGM, and 
Bu. Overall, the results indicate that DPM properties and their toxicity may be 
affected not only by the oxygen content, but also by the chemical structure and 
thermo-physical properties of oxygenates as well as engine operating 
conditions. 
A third study was conducted to identify the impact of using different 
concentrations of the cerium-based and iron-based FBCs (Corresponding to 25, 
50, and 100 ppm Ce and Fe by weight) on the characteristics of diesel engine 
particulate emissions from the protection of the environment and public health 
viewpoints. The results indicate that both Ce-doped and Fe-doped fuels caused 
a significant reduction in DPM emissions. This reduction is mainly attributed 
to the reduction in the emissions of both EC and OC for Ce-doped fuels, and 
to the EC emission reduction for Fe-doped fuels. However, the FBCs-doped 
fuels increase both WSOC and OC fractions in particles as well as particle-
phase PAHs and n-alkane emissions. Moreover, FBCs-doped fuels lead a 
dramatic increase in total particle number emissions, with Fe-doped fuels 
having the higher particle counts. The increase is mainly caused by the 
formation of a large number of self-nucleated metallic nano-sized particles. 
Compared to pure ULSD, the soot emitted from these FBCs-doped fuels had a 
lower ignition temperature, and lower activation energy.  Meanwhile, 25 and 
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50 ppm Ce doped fuels also changed the nanostructure of soot. The particles 
emitted from both Ce-doped and Fe-doped fuels also lead to a decline in cell 
viability. The variation in cell viability is associated with the Ce and Fe 
content in the particles, as well as a change in the chemical composition of 
particles caused by their addition. 
7.2 Conclusions 
The effect of blending oxygenated fuels with diesel or biodiesel and 
also doping fuel-borne catalysts (FBCs) to diesel on the particulate emissions 
from an existing stationary engine was investigated. With the use of 
reformulated fuels, PM mass emissions were found to be reduced, as has been 
reported in previous studies, due to improved engine performance with higher 
combustion efficiency.  However, the speciation of carbonaceous particles 
indicated that the proportion of organic carbon (OC) and water-soluble organic 
carbon (WSOC) in particles increased although the amount of elemental 
carbon (EC) decreased. Furthermore, compared to diesel fuel, the reformulated 
fuels led to different emission levels of particle-phase PAHs and n-alkanes, 
slight alterations in soot nanostructure, lower soot ignition temperature and 
activation energy, and changes in emissions of particle counts. 
The variations of these particle properties appear to be associated with 
the proportion of oxygen contents and FBCs in fuels, the types of oxygenates 
and FBCs and the engine operating conditions. In terms of toxicological 
characteristics of particulate emissions, the results showed a high anti-
correlation between cell viability and the concentrations of ferrocene, WISOC 
and WSOC. However, a low anti-correlation between cell viability and EC 
concentrations was observed. It should be clarified that the high anti-
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correlation between cell viability and the concentrations of WSOC and 
WISOC may not necessarily reflect the cell toxicity, but rather the influence of 
some toxicological species concentrations, both in both WSOC and WISOC 
on cell viability. In order to provide a more complete perspective to the results 
of this study, investigation of the effect of these fuel reformulation 
technologies on the changes in the chemical speciation of OC is warranted. In 
addition, in vivo inhalation studies using animal models are needed to provide 
insights into the relationship between the chemical speciation of PM emitted 
from diesel engines powered by reformulated fuels and its resultant toxicity. 
Nevertheless, the findings from this study raise serious concerns about the 
validity, effectiveness, and overall relevance of PM-mass based emission 
standards for diesel engines. Furthermore, fine and ultrafine particles 
originating from diesel engines are known to be responsible for a myriad of 
environmental problems, ranging from global warming to eutrophication, 
suggesting that size-fractionated PM deserves a serious consideration for both 
physico-chemical characterization studies and toxicity evaluation. Therefore, 
the fields of combustion science and engineering and public health should be 
brought together in a holistic manner such that a unified plan of action can be 
developed and implemented in the context of urban air quality improvement. 
7.3  Recommendations for Future Work 
In this preliminary study, the impacts of fuel formulations on physical 
and chemical properties of particulates emitted from a non-road diesel engine 
without any after-treatment system were investigated. Data using additional 
and more varied types of oxygenates are needed. In particular, the effects of 
oxygenates with more complex chemical structures should be investigated. 
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Fuel reformulations should also be tested using modern diesel engines that 
employ the latest technological advances in areas such as high pressure unit 
injectors and electronic engine control. Apart from particulates, efforts should 
be made to implement engine strategies for NOx control along with fuel 
reformulations, to explore the extent to which both PM and NOx can be 
simultaneously reduced using these approaches. Furthermore, studies should 
be conducted to investigate the effect of fuel reformulations on emissions from 
diesel engines or vehicles equipped with advanced-technology PM and NOx 
after-treatment systems. Any potential impact of the use of fuel reformulation 
technologies on the performance of these after-treatment systems or the 
combination effects of fuel reformulations and after-treatment systems on 
emissions also needs to be assessed. 
Future research is needed in both the area of experimental testing and 
numerical modeling to explore the mechanisms of the difference in soot and 
particulates caused by fuel reformulations. Several advanced experimental 
techniques can provide additional valuable data on this direction.  One such 
technique would be to conduct fundamental studies of fuel spray behavior 
with oxygenated diesel blends, to investigate effect on fuel atomization, spray 
angle, and fuel vaporization (Johansson et al., 2013). In-cylinder combustion 
diagnostics should also be examined. The soot formation and oxidation 
process in the engine cylinder can be further investigated by chemical 
modeling. In particular, the effects of the fuel formulations on rich pre-mixed 
ignition and the formation of unsaturated species, known as precursors of soot, 
need to be investigated. Models to describe soot particle growth, particle 
agglomeration, and exhaust dilution processes would further enhance the 
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ability to predict numerically the effect of fuel reformulations on DPM 
emissions. 
This study reveals that fuel reformulations could lead to the variation 
of organic compounds in particles, including OC, WSOC, PAHs and n-alkanes. 
The results also show a high anti-correlation between cell viability and the 
concentrations of OC and volatile organic compounds. However, this may not 
necessarily reflect their cell toxicity, but rather the correlation of some 
toxicological species concentrations in volatile and organic compounds. 
Therefore, future research is recommended to identify and quantify how the 
impacts of fuel reformulations on a detailed chemical speciation of DPM, 
especially on a specific chemical groups of OC such as Nitro- and Oxy-PAHs, 
hopanes, steranes and polar organic compounds and reduce the emission of 
toxic organic compounds by taking into consideration combustion chemistry, 
types and amounts of oxygenates used and thermo-physical properties of 
blended fuels. In vivo inhalation exposure studies on emissions of size-
fractionated DPM from fuel reformulations using animal models are also 
greatly needed. Furthermore, fine and ultrafine particles originating from 
combustion sources are known to be responsible for a myriad of 
environmental problems, ranging from global warming to eutrophication. 
Therefore, the fields of combustion, atmospheric science, and public health 
should be brought together in an integrated manner to assess the feasibility of 
application of fuel reformulation technologies in diesel engines and vehicles. 
In addition, as for the application of FBCs, the valence state of and the 
distribution of metals emission in size-segregated particles should be 
determined in the future study. 
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